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Introduction
Under the quite general definition of organic-inorganic multicomponent materials many
different classes of systems can be included, which, if the relative size of organic and in-
organic domains is considered, can range, in principle, from organo-metallic compounds
to polymeric microcomposites, passing through the huge world of nanocomposites, which
nowadays is attracting a big interest in both research and applications. Although many
different features, properties and challenges are clearly connected to each of these numer-
ous sub-categories of systems, the common idea behind all of them is the achievement of a
better performing material through the combination, in the same system, of the peculiar
properties of organic and inorganic components.
For all these systems, having access to structural as well as dynamic information, at a
molecular level, on both the organic and inorganic components and, especially, on their
interfaces, which play a crucial role in determining the final material properties, is an
important challenge, which can provide a substantial help in understanding the “micro-
scopical” mechanisms behind the “macroscopical” properties, and therefore in orienting
and improving synthetic strategies.
At present, solid-state nuclear magnetic resonance spectroscopy (solid-state NMR) is one
of the most powerful technique for investigating solid systems, even if, especially because
of the high costs of the instrumental apparatus and the intrinsic difficulty of setting-up a
standard analysis protocol, it is still far from being a routine characterization technique.
With respect to NMR in liquids, the biggest difficulty and, at the same time, the most
important advantage of solid-state NMR is provided by the anisotropy of the nuclear spin
interactions, which, in the liquid state, is averaged out by the fast molecular motions: if
on side it determines significant signals line-broadening, which, without having recourse
to special techniques and devices, would often completely prevent any spectral resolu-
tion, on the other side it allows important structural and dynamic molecular information,
partly or completely lost in the liquid state, to be obtained. From the birth of modern
solid-state NMR, which can be fixed at 1976, when three important techniques, Magic
Angle Spinning (MAS), High-Power Decoupling (DD) and Cross-Polarization (CP), were
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first combined, allowing 13C high-resolution NMR spectra to be obtained on powder sam-
ples [1], many theoretical and experimental efforts have been devoted to the development
of new high-resolution techniques aimed at the obtainment of more and more detailed
and refined molecular structural and dynamic information; at the same time, broad-line
low-resolution experiments have however been continuously employed and improved, and
they still constitute an important tool especially for quadrupolar nuclei and nuclear relax-
ation studies. Solid-state NMR versatility and importance in solid systems investigation
can be easily guessed from considering the large number of observable nuclei, the mul-
tiplicity of nuclear parameters which can be investigated, which in turns allow several
different molecular structural and dynamic aspects to be inspected, and the possibility
of directly studying not only crystalline but also semi-crystalline and completely amor-
phous samples, as well as fibers, films, etc... Beside the nowadays available advanced
high-resolution solid-state NMR techniques and theoretical analysis methods, which have
allowed extremely deep and accurate molecular investigations to be performed especially
on either small molecules or suitably isotopically enriched biomacromolecules, solid-state
NMR studies on solid systems affected by a major degree of “disorder” and complexity,
as many multicomponent materials of present applicative interest (such as all the already
mentioned world of nanocomposites) are still relatively few, especially those including a
quite extensive observation of different nuclei as well as the investigation of different nu-
clear parameters.
Given the raising need of trying to get some insights into the still unclear molecular aspects
which determine evidently improved macroscopical properties of several organic-inorganic
multicomponent materials, this thesis presents an attempt of building and applying a
solid-state NMR approach which, through the combination of consolidated high- and low-
resolution techniques applied to the observation of several nuclei (1H, 13C, 29Si, 31P, 15N,
139La) as well as to the study of different nuclear properties (chemical shift, dipolar and
quadrupolar couplings, relaxation times), allows molecular structural and dynamic infor-
mation to be obtained on these complex materials, and, in particular, on both their organic
and inorganic components as well as on their interfaces.
The organic-inorganic multicomponent materials here investigated belong to four different
categories. In Chapter 3 is presented the study of two diastereoisomeric chiral stationary
phases, employed in enantioselective HPLC and of their soluble models. The characteriza-
tion of three different examples of organically modified inorganic materials, all employed
as fillers for polymer based micro- and nano-composites is object of Chapters 4-6: in par-
ticular, in Chapter 4 the study of a doubly modified barium sulphate filler is reported;
Chapter 5 contains an extensive investigation of both an organosilane-modified silica and
of its polyethylene based composites, while Chapter 6 deals with the study of two different
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organophilic forms of a synthetic magnesium silicate. The system investigated in Chapter
7 is instead a polyphosphazene supported palladium catalyst, in which catalytically ac-
tive palladium nanoparticles have been dispersed into a polyorganophosphazene matrix;
at last, in Chapter 8 is reported a study aimed at investigating the dehydration process
of a simple inorganic salt, lanthanum sulphate, by means of the quite exotic observation
of 139La in the solid state. Due to the evident differences among the systems investigated,
a detailed description of the reasons which prompted the solid-state NMR studies as well
as of the more important molecular aspects inspected, are reported in the single chapters.
Chapter 1 and 2, which constitute a first “introductive” part to the subsequent experimen-
tal chapters, are respectively dedicated to the description of the basics of solid-state NMR,
and to the presentation of the aims and the “tools” of the solid-state NMR approach here
applied to the study of several organic-inorganic multicomponent materials.
iii
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Chapter 1
Basics of Solid State NMR
1.1 The NMR phenomenon
The origin of the Nuclear Magnetic Resonance spectroscopy lies in the interaction between
the spin of the nuclei and external, static and oscillating, magnetic fields.
The spin is a fundamental property of the nuclei, introduced and explained with the coming
of Quantum Mechanics: it is often referred to as an intrinsic angular momentum of the
nucleus, where intrinsic here means not arising from a nuclear motion, but intrinsically
related to the nature of the nucleus itself. The nuclear spin angular momentum or, more
simply, the nuclear spin is represented by the spin operator Î, and identified by the spin
quantum number I, which can be 0 (the nucleus does not have a spin angular moment), an
half-integer or an integer number, depending on the composition of the nucleus in terms
of protons and neutrons.
Each nucleus with a non zero spin possesses a corresponding magnetic moment, which
is the direct responsible for the interaction with external magnetic fields. In terms of
quantum mechanical operators, the nuclear magnetic moment, µ̂, is related to the nuclear
spin Î by the equation:
µ̂ = γh¯Î (1.1)
where each operator represents the corresponding classical three dimensional vectorial
quantity and γ is the magnetogyric (or gyromagnetic) ratio of the nucleus, which can
assume positive or negative values (and it is usually expressed in [rad s−1 T−1 107]).
The purely quantum mechanical nature of the nuclear spin makes the quantum me-
chanical approach to the description of NMR the most correct and complete; nevertheless,
a semi-classical or vector model of the NMR phenomenon has been formulated and re-
ported in most of the NMR textbooks, especially because it allows a quite physical and
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“visual” picture not only of the basic phenomenon, but also of several more complex NMR
experiments1 to be obtained.
In the two following subsections I will report the description of the very basic NMR phe-
nomenon, as it is approached by the vector model and by the Quantum Mechanics, both
because of the purely basic importance of these two models, and with the aim of introduc-
ing several “tools”, to which I will have recourse within the thesis. In particular, the vector
model will be useful in the description of the employed NMR techniques as well as of the
relaxation phenomena, while the quantum mechanical approach is essential to describe the
nuclear spin interactions. For both the models, I will report the most important concepts
and results, referring to several NMR textbooks for a more extensive treatment [2–5].
1.1.1 The vector model
Within the vector model [2–4] a global sample magnetization M , vectorial sum of the
individual nuclear magnetic moments µi, is considered, rather than the individual nuclear
magnetic spins:
M =
∑
i
µi (1.2)
In one sense, the biggest limit of the model is contained in this expression. From a physical
point of view,M can be to a great extent, even if not completely, considered as the nuclear
contribution to the macroscopic magnetic moment of the sample2.
In a similar way, a sample spin angular momentum, J , parallel to M can be defined:
J =
∑
i
Ii =
1
γ
M (1.3)
Classically, in presence of an external static magnetic field B0, a magnetic moment having
also an angular momentum M is subject to a torque T given by:
T =
dJ
dt
=M ×B0 (1.4)
Combining Equations (1.3) and (1.4), the motion equation of M is easily obtained:
dM
dt
= γM ×B0 (1.5)
1Actually, the vector model would be strictly applicable only to systems of identical and non interacting
spin- 1
2
nuclei.
2As it will be shown in the end of Subsection 1.1.2, the “true” nuclear contribution to the macroscopic
magnetic moment of the sample, that is the true sample nuclear magnetization, does not behave exactly
asM of the vectorial model.
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Figure 1.1: Precession of the magnetization M about the magnetic field B0.
The solution of this equation is the precession of M about the magnetic field B0, at an
angular rate
ω0 = −γB0 (1.6)
with precession direction determined by the sign of γ. In NMR this is commonly referred
to as angular frequency (expressed in [rad s−1]):
ω0 = γB0 (1.7)
which is the Larmor frequency of the considered nucleus at the applied magnetic field
strength B0. A picture of the precession motion of the magnetization M in presence
of B0 is shown inFigure 1.1. If an oscillating magnetic field B1(t) is then applied to the
system, the general expression of the motion equation (Equation 1.5) is still valid, provided
that the total magnetic field is now the sum of a time independent and a time dependent
term.
dM
dt
= γM × (B0 +B1(t)) (1.8)
It is then convenient to define a ”laboratory” axes frame (x, y, z) in which the z-axis is
taken along static magnetic field B0 and consider a B1(t) field oscillating in the perpen-
dicular xy plane, with an oscillation frequency ω1.
B1(t) can be conveniently considered as a sum of two components, rotating about z at the
same frequency ω1, but in opposite directions. As far as NMR is concerned, the component
rotating in the opposite direction with respect to the magnetization can be neglected.
Then, it results particularly useful to transfer the problem from the fixed laboratory frame
(x, y, z) into a rotating frame (x′, y′, z′), in which the z′-axis is coincident with the z-axis
and which rotates about B0 at the same frequency and in the same direction as B1(t).
In the rotating frame B1(t) looses its time dependence and therefore the magnetization
3
Figure 1.2: Precession of the magnetization M about the magnetic field Beff , in the rotating
frame. The indicated precession direction is relative to a γ positive nucleus. For a γ negative
nucleus the precession direction will be opposite.
M results to be in presence of a static magnetic field Beff which can be calculated to be
the sum of B1 and a reduced B0:
Beff = B0(1− ωrf
ω0
) +B1 (1.9)
Now, it can be easily intuited and mathematically demonstrated that, in the rotating
frame, M precesses about Beff at an angular rate ω1 = −γBeff (Figure 1.2)
If ωrf = ω0, that is B1(t) oscillates at the Larmor frequency of the investigated nuclei,
Beff = B1 and therefore, in the rotating frame, M precesses about B1 at ω1 = γB1. In
this case the oscillating magnetic field B1 is on resonance with M .
After a certain time τ , M will have completed an angle of ω1τ radiants about B1: as-
suming that at t = 0 (that is in absence of B1(t)) M is aligned with B03 and choosing
the x′-axis coincident with B1, after a time τ = 1ω1
(
pi
2
)
, M will be aligned along the-y′
axis, pointing to the positive or the negative direction depending on γ being positive or
negative, respectively (Figure 1.3).
Correspondingly, in the laboratory axes frame, the motion ofM will be a complex double
rotation, about x′ and z, called nutation.
If at this time B1(t) is turned off, coming back to the laboratory frame, the motion
of M will be simply a precession about B0 in the xy plane at the Larmor frequency. A
3This assumpion, even though in contrast with the just shown precession motion of M , is actually
physically meaningful; indeed the real sample magnetization, as it will be shown in Subsection 1.1.2, is
aligned along B0, the precession motion ofM being only introduced within the vector model description.
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Figure 1.3: Effect of an on resonance oscillating field B1(t), applied for a time τ = 1ω1
(
pi
2
)
, on
the magnetization M , in the rotating frame. The indicated precession direction is relative to a γ
positive nucleus. For a γ negative nucleus the precession direction will be opposite.
magnetization rotating in the xy plane at a certain frequency generates a magnetic field
rotating in the xy plane, or, equivalently, oscillating along an arbitrary direction in the xy
plane: from the Maxwell’s equations this generates a correspondingly oscillating electric
field which can be detected as oscillating electric current flowing in a coil placed in the xy
plane.
This oscillating current is the NMR signal, which, after Fourier transform, appears as a
peak in the spectrum, resonating at a frequency ω = ω0.
Therefore, from a practical point of view, the basic elements for observing the NMR
phenomenon are: a static and uniform applied magnetic field, a magnetic field oscillating in
the plane perpendicular to the static field and a device capable to detect the electromotive
force induced in the same plane.
The oscillating magnetic field, in particular, is provided by an electromagnetic radiation of
appropriate frequency: all the nuclear Larmor frequencies are in the radio-frequency range
of the electromagnetic spectrum, therefore B1(t) will be provided by a radio-frequency
electromagnetic wave. A B1(t) field applied for a certain finite time, as in the basic
NMR experiment just described, is always referred to as a radio-frequency (rf) pulse.
As already said in the beginning, the vector model is very useful in describing several
common NMR experiments and processes: in particular, as just shown, the introduction
of the rotating frame, by eliminating the time dependence of B1(t), allows the evolution
of the magnetization under the effect of radio-frequency pulses to be easily followed on
the basis of simple vectorial operations. Due to the possible confusion arising from the
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arbitrary choice of the phase of the rotating frame with respect to the laboratory frame,
a common convention in the NMR jargon is to refer to an on resonance radio-frequency
pulse as (θ)i, where θ is the produced magnetization flip angle (in [rad] or [◦]) about the
i-axis (i is usually reported with a ± sign, indicating the positive or negative semiaxis) of
the rotating frame, and positive angles are used to indicate anticlockwise rotations about
the axis (if seen from the axis toward the frame origin) [4].
1.1.2 The quantum mechanical description
The quantum mechanical approach to the NMR [4, 5], differently from the vector model
in which the evolution of the sample magnetization M is treated, starts from considering
a single nuclear spin.
The nuclear Hamiltonian, describing the energy of a given system, can be approximatively
factorized in a term dependent only on the spatial coordinates and a term dependent only
on the spin coordinates: as far as NMR is concerned only the spin Hamiltonian is relevant.
In absence of time dependent interactions, the possible states and energies of a spin system
can be found by solving the time independent Schro¨dinger equation:
Ĥψ = Eψ (1.10)
Ĥ is the spin Hamiltonian of the system, and ψ and E, eigenfunctions and eigenvalues of
Ĥ, are the wavefunctions and the energies of the possible states of the system, respectively.
As reminded in the beginning of Section 1.1, an isolated nuclear spin interacts with an ap-
plied static and uniform magnetic field through its magnetic moment µ̂; the corresponding
Hamiltonian is:
Ĥ = −µ̂ ·B0 (1.11)
commonly referred to as Zeeman Hamiltonian.
Considering the relation between µ̂ and the spin angular momentum Î (Equation 1.1),
the Zeeman Hamiltonian can be written as:
Ĥ = −γh¯Î ·B0 (1.12)
Following the NMR convention, in which a laboratory axes frame is chosen so that the
static magnetic field is along the z direction, the Hamiltonian results to be simplified to:
Ĥ = −γh¯B0Îz (1.13)
Apart from constant multiplicative factors, the states and corresponding energies of the
isolated spin in the external magnetic field B0 can be obtained by solving the eigenvalue
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equation for Îz, the operator for the z component of the nuclear spin Î.
From Quantum Mechanics, the eigenvalue equation for Îz can be written as:
ÎzψI,m = mψI,m (1.14)
or, using the bra-ket notation, as:
Îz|I,m〉 = m|I,m〉 (1.15)
where the eigenfunctions |I,m〉 are characterized by two quantum numbers I and m, while
the eigenvalues are simply m: I is the nuclear spin quantum number, its value depending
only on the nucleus investigated, while the quantum number m can take all the (2I+1)
values −I, −I + 1, .., I.
Coming back to Equation 1.13, the eigenfunctions of Ĥ will be the same as for Îz, that is
|I,m〉, while the eigenvalues can be obtained by:
Em = 〈I,m| − γh¯B0Îz|I,m〉 = −γh¯B0m (1.16)
Therefore, for an isolated nuclear spin in presence of a static uniform magnetic field, 2I+1
states are possible, often referred to as Zeeman states, each of them corresponding to an
energy value depending on the nucleus (γ), the m quantum number, and the magnetic
field strength (B0).
The energy difference between two consecutive states is, in angular frequency units ([rad
s−1]), the Larmor frequency ω0 = γB0, already introduced in the vector model description.
In the common and easiest case of a spin−12 nucleus, two Zeeman states exist:
∣∣1
2 ,
1
2
〉
and
∣∣1
2 ,−12
〉
, often simply referred to as
∣∣1
2
〉
,
∣∣−12〉, or |α〉 and |β〉, respectively. A diagram
of the two energy levels for a spin-12 nucleus is reported in Figure 1.4. In the remaining
part of this section only the simplest case of spin-12 nuclei will be considered, but the main
results will have general validity.
From the previous description, a simplified and often useful picture of the situation of
a spin-12 in an external magnetic field can be drawn, in which the spin could be imagined
as exclusively being either in the |α〉 or in the |β〉 state. Actually, |α〉 and |β〉, being
eigenfunctions of the Zeeman Hamiltonian, are the stationary states of the system, which
means the only states which are not time dependent, but the spin is not restricted to be
in one of the stationary states; besides them, a large variety of ”superposition” states is
possible, each of them being expressible as:
|ψ〉 = cα|α〉+ cβ |β〉 (1.17)
At this point, it is useful to define the spin polarization as the direction along which the
spin angular momentum is well-defined [5]. Quantum Mechanics establishes that in the
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Figure 1.4: Energy levels for a spin 12 nucleus (with positive (γ) in a static magnetic field B0.
Zeeman states, since they are eigenfunctions of Îz, but neither of Îx nor of Îy, the z
component of the spin angular momentum is well defined (being 12 , −12 , in |α〉 and |β〉
respectively), while both the x and the y components are undetermined.
Considering a particular superposition state:
|+x〉 = 1√
2
|α〉+ 1√
2
|β〉 (1.18)
it can be shown that |+x〉 is only eigenfunction of Îx, with eigenvalue 12 , Iz and Iy being
therefore undetermined in this spin state.
In the same way there will exist many superposition states in which all the three Î com-
ponents will be determined.
A spin state can be therefore conveniently depicted with an arrow pointing along the
direction in which the spin angular momentum is well defined, that is along the spin po-
larization. As far as the braket-notation is concerned, the particular spin states for which
the spin polarization is along one of the cartesian axes, will be written as | ± i〉, with
i = x, y, z and the sign being the sign of the Îi eigenvalue. As an example, in Figure 1.5,
the pictorial representations of the |+ x〉 and | − y〉 states are reported.
As previously said, the Zeeman states and a generic superposition state show a different
time evolution; this can be rigorously derived by solving the time-dependent Schro¨dinger
equation (Equation 1.19):
Ĥ(t)ψ(t) = ih¯
∂ψ(t)
∂t
(1.19)
where Ĥ is here the Zeeman Hamiltonian and ψ(t) is a generic spin state. Equation 1.19
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Figure 1.5: Pictorial representations of the | + x〉 and | − y〉 spin states: the arrows indicate the
spin polarizations.
can be written, in angular frequency units, as:
−ω0Îz|ψ(t)〉 = i ∂
∂t
|ψ(t)〉 (1.20)
The solution of this differential equation results to be expressed as:
|ψ(tb)〉 = exp{−i(−ω0τ)Îz}|ψ(ta)〉 (1.21)
in which τ is the time interval between ta and tb.
The exponential operator exp{−i(−ω0τ)Îz} has the form of a rotation operator:
R̂z(φ) = exp{−iφÎz} (1.22)
which represents a rotation, for the spin, around the z-axis of an angle φ = −ω0τ .
The meaning of this result is that each spin state is subject, in presence of an external
static and uniform magnetic field, to a ”rotational motion” around the field direction.
Assuming and omitting the mathematical demonstration, it is interesting to report the
result of the application of Equation 1.21 to the Zeeman, as well as to the |+x〉, | − y〉, ...
states: while |α〉 and |β〉 remain unchanged by the effect of the rotation about the z-axis,
all the superposition states are transformed in a different state. Just to cite an example,
the time evolution of the |+ x〉 state for a γ-positive nucleus, in subsequent time steps of
τ = pi2ω0 , is:
|+ x〉 → | − y〉 → | − x〉 → |+ y〉 (1.23)
Physically, for the spin initially in the |+x〉 state, this evolution corresponds to a precession
motion of the polarization around the magnetic field direction, with angular rate ω0 =
−γB0. The time evolution of the |+ x〉 state is depicted in Figure 1.6.
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Figure 1.6: Precession motion of the spin polarization, corresponding to the time evolution of the
|+ x〉 spin state of a γ positive nucleus, in presence of B0. τ = pi2ω0 .
This result can be generalized to every superposition state of system: whatever is the
initial polarization of the spin, in presence of the external magnetic field, it will precess
around the magnetic field direction at a frequency equal to the Larmor frequency and with
rotation direction depending only by the sign of γ.
This first result clearly reminds what found by means of the vector model: while in
that semi-classical description the sample magnetization M is found to precess around
the z-axis at the Larmor frequency, Quantum Mechanics demonstrates that actually this
is the motion of each single spin, which is not in a stationary (Zeeman) state.
In order to obtain a quantum mechanical description of the NMR phenomenon is
necessary to add the oscillating magnetic field term, B1(t), to the Zeeman Hamiltonian:
Ĥ(t) = −µ̂ · (B0 +B1(t)) (1.24)
As in the vector model description, B1(t) oscillates in the xy plane perpendicular to the
magnetic field.
Expressing B1(t) in quantum mechanical formalism, and solving the time dependent
Schro¨dinger equation for the system, the time evolution of a spin state, in presence of
the external static magnetic field B0 and the oscillating magnetic field B1(t) is found.
Similarly to the semi-classical treatment, also the quantum mechanical calculation results
to be simplified by decomposing B1(t) in two counter-rotating magnetic fields, considering
only the component rotating in the same direction of the spin and finally transferring the
problem from the fixed laboratory frame to a frame rotating around the laboratory z-axis
at the same angular rate as B1(t).
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Going directly to the final result, the application of a B1 oscillating at the Larmor fre-
quency is found to change the initial state of the spin such as, in the rotating frame, the
initial spin polarization starts to precess around B1 at a frequency:
ω1 = γB1 (1.25)
As already said in the vector model description, B1(t) is provided by electromagnetic
radiation in the radio frequency range; it is often applied for a short time and, for this
reason, referred to as radio-frequency (rf) pulse. In complete analogy with the vector
model, an on-resonance radio-frequency pulse is commonly indicated as (θ)i, where i is
the direction, in the rotating frame, along which B1 is applied and θ the angle by which
the spin polarization is rotated, about i, in consequence of the radio-frequency pulse; a
positive angle means an anti-clockwise rotation about the B1 direction (as seen from the
axis toward the axes origin), and viceversa.
Let us consider a spin in the Zeeman state |α〉 and an on resonance radio-frequency pulse
(ω = ω0) applied, at t = 0, along the rotating frame x axis (coincident with the laboratory
frame x axis at t = 0), for a time τ = pi2
1
ω1
, that is a (pi2 )x pulse. In consequence of
the rf pulse the spin polarization is rotated from the z-axis to the y-axis, pointing to the
negative direction; in terms of spin state the |α〉 state is tranformed into the | − y〉 state.
If the rf pulse is then turned off, the spin polarization, under the influence of only B0,
will start to precess about its direction at the Larmor frequency. Again, the similarity
between this situation and the magnetization evolution found within the vector model is
evident: the effect of an on-resonance (pi2 )x pulse on the sample magnetizationM initially
aligned along B0 is the same, on a “microscopic” scale, of the one produced on a single
spin in the |α〉 Zeeman state.
As already seen within the vector model, the creation by means of a suitable rf pulse,
of a transverse magnetization, and the consequent occurrence of an oscillating electro-
magnetic field in the xy plane, is ”sufficient” to explain the generation of the ”macro-
scopic” NMR signal. On the other hand, in the quantum mechanical description so far
reported, only a single spin has been considered; to obtain an explanation of the macro-
scopic detectable NMR phenomenon it is necessary to pass from the single spin description
to the treatment of a multi-spin system.
As first assumption, it is necessary to consider a spin ensemble, that is a collection
of identical and non-interacting nuclear spins: each of them will behave as stated from
the just reported quantum mechanical treatment of a single spin. In a sample composed
of many identical and non-interacting spin-12 nuclei, placed in a static and uniform mag-
netic field B0, each of them could be either in a Zeeman state (|α〉, |β〉) or in a generic
superposition state (|ψ〉), the corresponding spin polarization either being stationary or
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precessing around B0. A global description of such a complex system can be obtained by
introducing the so called density operator, which turns out to be an indispensable tool in
the theory of NMR. Even if in the thesis I will never have recourse to density operator
formalism, because of its relevance and with the aim of completing the very schematic
quantum mechanical description of the NMR phenomenon, I will just introduce its basics
and the very first results which can be obtained [5].
Let us consider a single spin-12 , in a generic superposition state described by:
|ψ〉 = cα|α〉+ cβ|β〉 (1.26)
and a generic Q̂ operator describing a physical observable. The expectation value of Q̂,
defined as 〈ψ|Q̂|ψ〉, can be expressed in the vector-matrix representation of |ψ〉 and Q̂ on
the (|α〉, |β〉) basis, as:
〈Q̂〉 =
(
c∗α c∗β
)( Qαα Qαβ
Qβα Qββ
)(
cα
cβ
)
= cαc∗αQαα + cβc
∗
αQαβ + cαc
∗
βQβα + cβc
∗
βQββ (1.27)
By defining an operator:
|ψ〉〈ψ| (1.28)
with matrix representation: (
cα
cβ
)(
c∗α cβ∗
)
(1.29)
〈ψ|Q̂|ψ〉 can be expressed as:
〈ψ|Q̂|ψ〉 = Tr
{
|ψ〉〈ψ|Q̂
}
(1.30)
Passing to consider a system composed by N spins, the expectation value of Q̂ will
result to be:
〈ψ|Q̂|ψ〉 = 1
N
Tr
{
(|ψ1〉〈ψ1|+ |ψ2〉〈ψ2|+ |ψ3〉〈ψ3|+ ...) Q̂
}
(1.31)
where |ψi〉 with i = 1, 2, 3, ... is the wavefunction representing the state of the i−th spin.
From Equation 1.31, it is possible to define the density operator ρ̂:
ρ̂ =
1
N
(|ψ1〉〈ψ1|+ |ψ2〉〈ψ2|+ |ψ3〉〈ψ3|+ ...) (1.32)
or, equivalently,
ρ̂ = |ψ〉〈ψ| (1.33)
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where the overbar indicates the average over the whole ensemble; substituing ρ in Equa-
tion 1.31, 〈Q̂〉 results to be:
〈Q̂〉 = Tr
{
ρ̂Q̂
}
(1.34)
The first evident advantage of introducing the density operator is that the expectation
value of a physical observable, measured on the whole ensemble, can be extracted by
combining only two operators: one representing the observable and the density operator
itself, which, formally, contains all the information on the state of the whole ensemble.
The matrix representation of ρ̂ on the (|α〉, |β〉) basis, the so called density matrix, is:
ρ =
(
ραα ραβ
ρβα ρββ
)
=
(
cαc∗α cαc∗β
cβc∗α cβc∗β
)
(1.35)
The diagonal and off-diagonal elements of the density matrix, respectively called pop-
ulations and coherences, have important physical meanings: the difference between the
populations (ραα − ρββ) is the net longitudinal spin polarization of the sample, that is
the magnetization in the direction of the B0 field, while, without going into any detail,
non-zero coherences indicate the presence of transverse spin polarization, that is non-zero
magnetization in the direction perpendicular to B0.
At this point it is quite straightforward to define a magnetization vector, M , indicat-
ing the net magnetization of the sample with cartesian components Mz proportional to
(ραα − ρββ), and Mx, My related to the coherences (ραβ , ρβα). In analogy with the spin
polarization for a single spin in a |ψ〉 state, M provides not only a pictorial but also a
physically meaningful representation of the state of the spin ensemble, mathematically
described by ρ̂.
A last important passage is still missing: so that ρ could be really useful, the value
of its elements, at least for a certain state of the ensemble, have to be known. To this
aim, a particularly useful state is the thermal equilibrium, that is the equilibrium state
reached by a spin system left unperturbed for a long time. The quantum statistical
mechanics establishes that, given a spin system with eigenstates |ψi〉, solutions of the
time-independent Schro¨dinger equation (Equation 1.10), at the thermal equilibrium:
• the coherences ρeqij between the eigenstates of the system are all zero:
ρeqij = 0 for i 6= 0 (1.36)
• the populations of the eigenstates are determined by the Boltzmann distribution:
ρeqii =
exp{−Ei/kBT}∑
k exp{−Ek/kBT}
(1.37)
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Therefore, it is now easy to calculate populations and coherences for an ensemble of spin-
1/2 nuclei at the thermal equilibrium. In the so called high-temperature approximation
the exponential terms of the Boltzmann distribution can be so simplified:
exp
{
−E|α〉
kBT
}
= exp
{
1
2
γh¯B0
kBT
}
∼= 1 + 1
2
γh¯B0
kBT
(1.38)
exp
{
−E|β〉
kBT
}
= exp
{
−1
2
γh¯B0
kBT
}
∼= 1− 1
2
γh¯B0
kBT
(1.39)
This approximation is valid when the argument of the exponential is very small, that is,
in the case of nuclear spins, for temperatures higher than a fraction of a kelvin degree.
Therefore, the populations of |α〉 and |β〉 at the thermal equilibium result to be:
ρeqαα =
1
2
+
1
4
γh¯B0
kBT
(1.40)
ρeqββ =
1
2
− 1
4
γh¯B0
kBT
(1.41)
while, as previously said, the coherences ραβ and ρβα are zero.
Therefore, for an ensemble of a γ-positive spin-1/2 nuclei at the thermal equilibrium, the
population of the Zeeman state |α〉 will be slightly major than the population of the |β〉
state. This means that the sample has a net positive longitudinal magnetization, while no
transverse magnetization is present (in the case of an ensemble of γ-negative nuclei, the net
longitudinal magnetization will be negative, that is against the magnetic field direction).
To have a more quantitative idea of the energies involved, the difference in energy between
|α〉 and |β〉 for an ensemble of protons in a magnetic field B0 = 11.74 T is approximatively
3.3 × 10−25 J, while the thermal energy at room temperature is kBT ∼= 4.1 × 10−21 J.
Therefore, being the thermal energy several orders of magnitude bigger than the energy
gap between the two Zeeman states, at the thermal equilibrium the difference between their
populations will be really small (in this example, of the order of 10−4), and, consequently,
also the net longitudinal magnetization will be small.
It is important to remark that, from its definition itself, a state population is not the
fraction of spins in the sample which are in that state: in a real sample only few spins will
be in the Zeeman states, while the vast majority of them will be in a superposition state;
ραα and ρββ will therefore indicate the contribution, from all the spins, to the |α〉 and |β〉
states respectively.
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The density matrix for the ensemble of spin-12 nuclei at the thermal equilibrium, will be:
ρeq =

1
2 +
1
4
γh¯B0
kBT
0
0 12 − 14 γh¯B0kBT
 (1.42)
Going back from the matrix representation to the operator, it is easy to verify that the
density operator for an ensemble of spin-1/2 nuclei at the thermal equilibrium is:
ρ̂eq =
1
2
1̂ +
1
2
γh¯B0
kBT
Îz (1.43)
At this point the microscopic description of the NMR phenomenon becomes quite straight-
forward: by inserting a term describing a magnetic field B1(t) oscillating in a direction
perpendicular to B0 into the Hamiltonian of the system and transferring the mathemat-
ical treatment applied for the single spin case into the density operator formalism, the
effect of an rf pulse on the spin ensemble can be obtained by looking at the transformation
occurred to the density operator.
Omitting all the calculations, it can be demonstrated that the effect on the spin ensemble
of the ”usual” on-resonance (pi2 )x rf pulse is to equalize the populations of the two Zeeman
states and tranform the initial population difference into coherences.
The physical meaning of this result is that, in the rotating frame, the longitudinal sample
magnetization becomes null, while a transverse magnetization, equal in magnitude to the
initial Mz is created along −y.
Turning off the pulse, it can be shown that the sample magnetization precesses around
B0 at the Larmor frequency, so generating the macroscopic and detectable NMR signal.
The result shown for a (pi2 )x rf pulse can be extended: a generic on-resonance rf pulse,
(θ)i, applied along the i -axis of the rotating frame, where i can be positive or negative
in dependence on the semi-axis considered, will rotate the sample magnetization of a θ
angle about the i-direction, with positive angles meaning anti-clockwise rotations about
i, as seen from the axis toward the frame origin.
1.1.3 The simplest NMR experiment
From a very practical point of view, the simplest NMR experiment, as seen in the two
previous subsections, consists in a (pi2 ) rf pulse, conventionally a (
pi
2 )x or (90
◦)x pulse,
followed by the detection of the nuclear resonance signal. This can be schematically
depicted as in Figure 1.7, where on the horizontal axis is reported the time, the rf pulse is
represented by a rectangle and the NMR signal by the decaying oscillating function (the
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Figure 1.7: The simplest NMR pulse sequence.
reason of the decay will be explained in Subsection 1.5.1). The sequence composed by the
rf pulse and the signal acquisition constitutes a scan. A generic NMR experiment consists
in a variously complex sequence of rf pulses and time delays , referred to as pulse sequence,
for which a schematic depiction, analogous to that one shown in Figure 1.7, often results
to be useful.
1.2 Nuclear spin interactions
The ensemble of non interacting nuclear spins, for which, as briefly shown in the previous
section, it is possible to obtain a detailed quantum mechanical description, which in turn
allows a “microscopic” explanation of the basic NMR phenomenon to be obtained, is
obviously very far from reproducing the complexity of a real sample. A nuclear spin, placed
in a real environment, constituted first by the molecule in which it is contained, and then
by the ensemble of the surrounding molecules, is subjected to a variety of interactions,
some of them being one-spin interactions, in which the spin itself is considered in relation
to some properties of the near environment, other being two- or multiple-spin interactions,
that is directly involving two or, often, much more spins. Considering that all of this will
be in principle different for each nucleus of the sample, it is easy to imagine the complexity
of an hypothetical ”microscopic” description of a real sample.
Even if, especially for specific interactions, the density matrix formalism, introduced in
the previous section, allows a quantum mechanical description of interacting multiple-spin
systems to be obtained, here, considering the aims and the contents of the thesis, I will
completely omit the description as well as the results of this advanced theoretical method.
Nevertheless, the understanding of even the simplest Solid State NMR spectrum requires
the most important features of the nuclear spin interactions to be known.
A quite simple way of approaching the description of the nuclear spin interactions and
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of their basic implications on a real spectrum, is to consider the spin Hamiltonian of a
single nuclear spin, placed in a “real” environment: this can be built up by starting from
the Zeeman Hamiltonian, which describes the interaction between the nuclear spin and an
external static magnetic field, and adding, as further Hamiltonian operators, all the main
interactions involving the spin in its environment [4,5]. Indicating the Zeeman Hamiltonian
with Ĥ0 and a generic interaction Hamiltonian with Ĥint, the system Hamiltonian can be
then expressed as:
Ĥ = Ĥ0 +
∑
int
Ĥint (1.44)
On the model of the Zeeman interaction, every other one can be seen as an interaction
between the nuclear magnetic moment and a local magnetic field generated by the envi-
ronment; therefore, in terms of Hamiltonians, each interaction can be written as:
Ĥint = −γh¯Î ·Bloc (1.45)
where Bloc can be always expressed as:
Bloc = Aloc · J (1.46)
where Aloc is a second rank tensor describing the interaction and its spatial orientation
dependence, and the vector-operator J can be considered as the last origin of Bloc [4].
In the vast majority of the cases the Zeeman interaction remains the most important
one: this means that the Hamiltonian of the system can be written, as a good approxima-
tion, as the Zeeman Hamiltonian corrected at the first order by the various Ĥint. More
explicitly, from the perturbation theory, this means that the stationary states of the sys-
tem, eigenstates of the Hamiltonian, remain the eigenstates of the Zeeman Hamiltonian,
while their energies are corrected to the first order.
This implicates that, besides the Zeeman term (Ĥ0), only the secular parts of the various
Ĥint, that is the ones which commute with Ĥ0, are included in the Hamiltonian of the
system. In formulae:
Ĥ ∼= Ĥ0 +
∑
int
Ĥsecint where [Ĥ0, Ĥ
sec
int ] = 0 (1.47)
This approximation can be expressed in a more qualitative and physical way, which
could result to be useful in some cases, having recourse to the the expression Ĥint in terms
of interaction between the nuclear magnetic moment and local magnetic fields generated
by the spin environment (Equation 1.45) [4]. As seen in the case of the isolated, as well
as of the ensemble of non interacting spins, B0 determines the energy levels of the system,
while B1, oscillating perpendicular to B0 at the Larmor frequency, induces population
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transfers between the Zeeman states. Since the external static magnetic field (B0) is
always orders of magnitude larger than any local field related to a spin interaction (Bloc),
it is reasonable to believe that only two kinds of Bloc will have some non-negligible effect
on the spin and will be therefore included in the Hamiltonian. The first are the Bloc
aligned in the B0 direction (z-axis of the laboratory frame), which, for similarity with
it, are expected to slightly modify the energy levels of the spin, the latter are the Bloc
precessing in the xy plane around the z-axis at an angular frequency close to the Larmor
frequency, which will act in a similar way as B1.
In the following, I will consider one interaction at a time; the effect of each interaction
can be obtained by finding the eigenvalues of the correspondingly perturbed Hamiltonian
and then it can be conveniently expressed in terms of modification of the unperturbed
Larmor resonance frequency of the spin.
In the case of spin-12 nuclei, the NMR phenomenon can be approximatively
4 seen as a
transition from the state |α〉 to the state |β〉, giving rise to a peak in the NMR spectrum
at a frequency equal to the Larmor frequency. Therefore, in the case of spin-12 nuclei,
finding the modification of the resonance frequency by effect of each interaction, will allow
the corresponding effect on the spectral signal to be directly obtained. On the other hand,
the case of nuclei with spin I > 12 will be briefly discussed together with the description
of the quadrupolar interaction.
1.2.1 Shielding Interaction
The shielding interaction involves the nuclear spin and the local magnetic field produced,
in consequence of the presence of the external static magnetic field, by the electrons
surrounding the nucleus.
The Hamiltonian Ĥint for the shielding interaction is [6]:
Ĥcs = γh¯Î · σ ·B0 (1.48)
Where σ is the shielding tensor, the local magnetic field is Bloc = σ ·B0 and the ultimate
source of the local magnetic field is B0 itself.
Applying the perturbative approach, the secular term of Ĥcs results to be:
Ĥseccs = γh¯σzzB0Îz (1.49)
and the corresponding resonance frequency for the |α〉 → |β〉 or, in general, the | m〉 →
| m− 1〉 transition, is:
ω = ω0(1− σzz) (1.50)
4Actually, as seen in Subsection 1.1.2, the rigorous description given by the density matrix treatment,
is more complex.
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Figure 1.8: Polar angles, θ and φ, defining the orientation of B0 in the σ Principal Axes Frame
(1, 2, 3).
where ω0 is the Larmor frequency and σzz the zz component of the σ tensor, written in
the laboratory axes frame.
For all the nuclear spin interactions, it is convenient to express the interaction ten-
sor rather than in the laboratory axes frame, in its principal axes frame (PAF), which
is, by definition, the axes frame in which the tensor is diagonal (the diagonal elements
being referred to as principal components). By expressing σzz in terms of the σ principal
components, σ11, σ22, σ33, the resonance frequency, corrected by the shielding interaction
results to be [6]:
ω = ω0[(1− σ11) sin2 θ sin2 φ+ (1− σ22) cos2 θ sin2 φ+ (1− σ33) cos2 θ] (1.51)
where θ and φ are the polar angles which define the orientation of the external magnetic
field B0 in the σ PAF (Figure 1.8).
Given a certain nucleus in a molecule, the principal axes frame of its shielding tensor has
a fixed orientation within the molecule, therefore, provided to neglect molecular motions,
also the orientation of B0 in that frame is well defined.
Nevertheless, in a powder sample, the molecules can randomly assume all the possible
orientations with respect to B0, each orientation corresponding to a different couple of
θ, φ angles. Therefore, the observed resonance signal of a nucleus in a powder sample
will result from the integral over all the possible molecular orientations, of the resonance
frequency expressed as a function of θ, φ (Equation 1.51). The integral result is referred
to as lineshape function, or, more commonly, as powder pattern.
Independently on the obtainment of the analytical expression for the powder pattern,
it results important to locate some critical points as shoulders and divergences.
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Figure 1.9: Powder pattern for a nucleus with a generic shielding tensor σ. On the upper and the
lower scale, the angular frequencies (ω [rad s−1]) and the shielding tensor principal components
are reported, respectively.
In the case of the powder pattern arising from the shielding interaction, the critical points
are, in frequencies [6]:
ω1 = ω0(1− σ11) (1.52)
ω2 = ω0(1− σ22) (1.53)
ω3 = ω0(1− σ33) (1.54)
Assuming the recommended convention of ordering the σ principal components so that
σ11 ≤ σ22 ≤ σ33 [7], ω1 and ω3 result to be the shoulders and ω2 the divergence of the
powder pattern. The meaning of ”shoulder” and ”divergence” is illustrated in Figure 1.9,
in which a generic powder pattern is shown.
From Equation 1.51, it is easy to verify that ωi is the resonance frequency of the molecules
oriented so that the principal axis i is parallel to B0.
Besides the shielding tensor, the chemical shift tensor is useful and widely used. In
solution NMR, where, due to the averaging effect of the molecular motions, the chemical
shielding interaction looses its orientation dependence, determining only a scalar correction
to the resonance frequency, the chemical shift is defined as [7]:
δ[ppm] =
(νs − νref )
νref
× 106 (1.55)
where νs and νref are the resonance frequencies (in Hz) of the observed nucleus in the
sample and in a reference compound, respectively.
Similarly, the absolute shielding is defined as [7]:
σ[ppm] =
(νnucl − νs)
νnucl
× 106 (1.56)
20
where νnucl is the frequency of the bare nucleus.
By combining these two last equations, it is easy to obtain that:
δ =
(σref − σs)
(1− σref ) (1.57)
Being usually |σref |  1,
δ ∼= σref − σs (1.58)
Coming back to a solid sample, a corresponding chemical shift tensor δ can be defined,
with principal components:
δ11 = σref − σ11 (1.59)
δ22 = σref − σ22 (1.60)
δ33 = σref − σ33 (1.61)
where σref is the absolute shielding of a reference compound, and σ11, σ22, σ33 are the
principal components of the σ tensor.
According to the conventional order adopted for the σ principal components, the chemical
shift principal components are ordered so that δ11 ≥ δ22 ≥ δ33.
Many different conventions are reported in the literature for expressing the shielding
and chemical shift tensors; the one so far and in the following reported has been recently
advised in the literature [7] for its less ambiguity with respect to some older conventions.
Following ref. [7], the chemical shift tensor can be described by three parameters:
• the isotropic chemical shift δiso
δiso =
1
3
Trδ =
1
3
(δ11 + δ22 + δ33) (1.62)
• the span Ω
Ω = σ33 − σ11 = δ11 − δ33 > 0 (1.63)
which expresses the breadth of the powder pattern, and is sometimes referred to as
chemical shift anisotropy, CSA;
• the skew κ
κ = 3
(σiso − σ22)
Ω
= 3
(δ22 − δiso)
Ω
(1.64)
whose meaning is better clarified by the following examples5.
5The span and the skew are conveniently defined such that they are the same for the shielding and the
chemical shift tensors.
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The skew is restricted to values between −1 and +1; the limit values have a particular
physical meaning: they correspond to the cases in which the chemical shift, or equivalently,
the shielding tensor, is axially symmetric, which in turns arises from an axial symmetry
at the nuclear site.
In terms of components, an axially symmetric σ tensor has two of the three principal
components identical, and one, relative to the direction of the symmetry axis, different.
The skew value, obtainable from the experimental powder patterns, allows the unique
component, and consequently the two equal components, to be unambiguously identified.
Two cases are possible:
• κ = 1 means δ11 = δ22, or, equivalently, σ11 = σ22, therefore the unique component
of the δ tensor is the least shifted, that is δ33 (or, considering the σ tensor, the most
shielded);
• κ = −1 means δ22 = δ33, or, equivalently, σ22 = σ33, therefore the unique component
of the δ tensor is the most shifted, that is δ11 (or, considering the σ tensor, the least
shielded).
The shielding tensor is often depicted as an ellipsoid, fixed within the molecule and centred
on the nucleus, with principal axes coincident with the σ principal axes, and length of the
axes proportional to the corresponding shielding values. Therefore, the shielding tensor
can be depicted as a prolate ellipsoid, for a nucleus with κ = 1, as an oblate ellipsoid for
a nucleus with κ = −1 (Figure 1.10).
In Figure 1.11 the powder patterns for a nucleus with κ = ±1 are shown. It is worth to
notice that the shoulders and the divergences correspond to the resonance frequencies of
the molecules with unique shielding principal axis (that is symmetry axis for the nuclear
site) oriented parallel and perpendicular to the B0 direction, respectively. The higher
intensity of the divergences reflects the fact that while infinite molecular orientations
allow the unique shielding axis to be perpendicular to the B0 direction, only one leads it
to be parallel to B0.
It is clear that, even the only interaction so far considered, the shielding interaction,
causes a large broadening of the resonance signal of a nucleus in a solid sample. In
particular it gives rise to a powder pattern, which, by definition, is a broad signal resulting
from the resonance frequencies corresponding to all the possible molecular orientations
with respect to the static magnetic field direction. This kind of induced line-broadening is
related to the classification of the shielding interaction as an inhomogeneous interaction.
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Figure 1.10: Shielding ellipsoids corresponding to skew values κ = ±1. The principal axes of the
ellipsoids coincide with the σ principal axes and their lenght is proportional to the corresponding
shielding value.
Figure 1.11: Powder patterns for skew values κ = +1, 0,−1. The reported shielding and chemical
shift values are the ones directly obtainable from the corresponding resonance frequencies.
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1.2.2 Dipolar Interaction
The dipolar interaction is the direct interaction among the magnetic moments µ of the
nuclei.
The Hamiltonian describing the dipolar interaction between two nuclear spins, Î and
Ŝ, can be expressed in tensorial form as:
Ĥdd = −2h¯Î ·D · Ŝ (1.65)
where D is the dipolar coupling tensor which decribes the interaction and, in particular,
its spatial dependence.
Apart from multiplicative constants, Equation 1.65 has the general form of Equation 1.45,
with the local magnetic field Bloc = DS, whose ultimate source is therefore the nuclear
spin Ŝ.
If written in its PAF, the D tensor is always axially symmetric, with the unique principal
axis aligned with the internuclear vector rIS ; its principal components can be written as
−d/2,−d/2, d where:
d = h¯
(µ0
4pi
) 1
r3
γIγS (1.66)
µ0 is the magnetic permeability of a vacuum and r is the internuclear distance for the
couple of nuclei considered [4]. Moreover D is a traceless tensor, feature which determines
the lack of dipolar coupling contributions to solution NMR spectra6.
The dipolar interaction Hamiltonian, Ĥdd, can be conveniently expressed in polar coor-
dinates in the laboratory axes frame; in such form, the only variables result to be the θ
and φ angles, which define the orientation of the internuclear vector rIS in the laboratory
axes frame.
Considering only the secular part of Ĥdd, which determines the first order corrections
to the Zeeman Hamiltonian, it results to be different if either an homonuclear or an
heteronuclear case is considered.
• for the heteronuclear dipolar interaction
Ĥsecdd = −
(µ0
4pi
) γIγS h¯2
r3
[A] (1.67)
• for the homonuclear dipolar interaction
Ĥsecdd = −
(µ0
4pi
) γ2h¯2
r3
[A+B] (1.68)
6However, in solution NMR spectra, dipolar couplings contribute to the relaxation processes.
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where A and B, terms of the so called “dipolar alphabet”, which also includes other non
secular terms, are:
A = ÎzŜz(3 cos2 θ − 1) (1.69)
B = − 1
4
[Î+Ŝ− + Î−Ŝ+](3 cos2 θ − 1) (1.70)
where Î± = Îx ± Îy and Ŝ± = Ŝx ± Ŝy.
The difference between the heteronuclear and the homonuclear cases can be qualitatively
explained in terms of local magnetic fields generated by the nuclear spin S and acting on
I, or viceversa. Indeed, the B term can be shown to be equivalent to a local magnetic
field oscillating at the Larmor frequency of the spin S, ωS0 , in a direction perpendicular to
the static field B0: therefore it will significantly affect the spin I only in the homonuclear
case, in which ωS0 = ω
I
0 .
Heteronuclear dipolar interaction
When an heteronuclear spin couple is considered, the eigenfunctions of the Zeeman Hamil-
tonian are the product Zeeman states |αα〉, |αβ〉, |βα〉, |ββ〉, with energies:
EmI ,mS = −h¯B0(mIγI +mSγS) (1.71)
For each spin, two degenerate transitions are possible, which give rise to the NMR signal,
resonating at Larmor frequency of the spin considered.
The Ĥsecdd corrections to the energies of the product Zeeman states result to be:
Edd = −dh¯(3 cos2 θ − 1)mImS (1.72)
where d has been defined in Equation 1.66 and θ is the polar angle between r and B0.
It can be easily verified that, for each nucleus, this removes the degeneration of the two
transitions; combining into the same formula the two corrected resonance frequencies, it
results, for the spin I:
ωI = ωI0 ±
1
2
d(3 cos2 θ − 1) (1.73)
and a completely analogous expression can be written for the S spin.
As in the case of the shielding interaction, the resonance frequency depends on the
molecular orientation, and in particular on the orientation of the internuclear vector, with
respect to the static magnetic field B0.
It can be shown that the orientation dependence, expressed by the (3 cos2 θ − 1) term, is
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Figure 1.12: Powder pattern for a spin involved in a two-spin heteronuclear dipolar interaction.
The two transition powder patterns and their sum (thick line) are shown.
the same as for an axially symmetric chemical shift tensor, for which the only important
angle is the polar angle between the unique chemical shift principal axis and the magnetic
field direction.
Therefore, for each transition, by integrating the dipolar corrected resonance frequency
(Equation 1.73) over all the possible molecular orientations, a powder pattern of the
same shape as the ones already shown for the axially symmetric chemical shift tensors
(Figure 1.11), is obtained.
In Figure 1.12 the two transition powder patterns, as well as the observable powder pattern,
resulting from their sum, are shown.
Homonuclear dipolar interaction
In the case of the dipolar interaction between like spins, due to the presence of the B term
in Ĥsecdd (Equation 1.65), a distinction, not necessary in the heteronuclear case, has to be
made between the interaction involving only two spins, and the interaction among more
than two spins.
When a two-spin interaction is considered, it is still possible to find stationary states
which are eigenfunctions of both the Zeeman Hamiltonian Ĥ0 and the secular dipolar
Hamiltonian Ĥsecdd , even if, for the presence of the B term, they are no longer the product
Zeeman states. By correcting the energy levels for Ĥsecdd , a powder pattern completely
analogous to the one of the heteronuclear case is obtained.
When a dipolar interaction among three or more spins is considered, Ĥsecdd results from
26
the sum of [A+B] over all the possible spin couples of the system:
A =
∑
j<k
Îzj Îzk(3 cos2 θjk − 1) (1.74)
B =
∑
j<k
−1
4
[Î+j Î−k + Î−j Î+k](3 cos2 θjk − 1) (1.75)
where j and k run on the interacting nuclear spins.
It can be shown that, in this case, it is not possible to find stationary states which are, at
the same time, eigenfunctions of all the terms of the Hamiltonian Ĥ0 + Ĥsecdd [4].
In an approximative way, it can be said that the eigenstates of the system, by effect of the
B term, continuously change during the time, as well as their energies do.
This continuous time fluctuation of the energy levels implicates a line broadening of the
spin resonance signals, which is intrinsically different from the inhomogeneous line broad-
ening caused by the chemical shift and heteronuclear dipolar interaction anisotropy. The
homonuclear dipolar interaction among three or more spins and the line broadening which
generates, are classified as homogeneous.
The homogeneous homonuclear dipolar interaction is often the most important factor af-
fecting a proton NMR spectrum in the solid state: in consequence of it, the observed
signals are broad lines, with typical linewidths of several tens of kHz.
1.2.3 Quadrupolar Interaction
The quadrupolar interaction concerns only the so called quadrupolar nuclei, that is the
nuclei with nuclear spin I > 1/2, which constitute a substantial part of the periodic table,
approximatively 85% of the chemical elements having at least one quadrupolar isotope.
A quadrupolar nucleus, characterized by a non spherical distribution of the nuclear
charge, possesses an electrical quadrupole moment, which is referred to as nuclear quadrupole
moment and indicated with Q (usually expressed in [fm2] = [10−30m2]: the largest and
the smallest Q values reported are, in absolute value, 379.3 fm2 for 179Hf and -0.0808 fm2
for 6Li, respectively [8]).
The quadrupolar interaction is the interaction between the nuclear quadrupole moment
and the electric field gradient (EFG), always present at a nuclear site placed in a molec-
ular environment; the strength of the quadrupolar interaction depends both on intrinsic
properties of the nucleus (through the nuclear quadrupole moment Q) and on the features
of the molecular environment (which determine the EFG).
In presence of an external static magnetic field, the Zeeman interaction usually prevails
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on the quadrupolar interaction; nevertheless, it is possible, especially for nuclei with very
high Q placed in low symmetry sites, that the quadrupolar interaction is comparable
to the Zeeman interaction: in these cases the quadrupolar interaction cannot be simply
considered as a perturbation to the Zeeman Hamiltonian and, to describe the spin system,
a completely different approach is required. Here, I will consider only the more common
case in which the Zeeman interaction remains the dominant interaction.
The Hamiltonian describing the quadrupolar interaction for a nuclear spin Î can be
expressed as [9]:
ĤQ =
eQ
6I(2I − 1) Î · V · Î (1.76)
where e is the proton charge and V (sometimes written as eq) is the second rank tensor
which describes the Electric Field Gradient at the nucleus.
The V tensor is symmetric and traceless, the latter property, as in the case of the dipolar
interaction, being responsible for the lack of quadrupolar coupling contributions to solution
NMR spectra7. The V principal components, that is the elements of the tensor expressed
in its PAF, are conventionally ordered such as |VZZ | ≥ |VY Y | ≥ |VXX |, and two parameters
are used to characterize V [4]:
• VZZ , which can be conveniently expressed as nuclear quadrupolar coupling constant:
CQ =
eQVZZ
h
(1.77)
(often reported in MHz) or, sometimes, as quadrupole frequency
νQ = 3CQ/[2I(2I − 1)];
• the asymmetry parameter:
ηQ =
VXX − VY Y
VZZ
(1.78)
whose values are restricted within the range 0 ≤ ηQ ≤ 1.
For a quadrupolar nucleus of generic spin I, in presence of an external static magnetic field
B0, the Zeeman interaction determines the existence of (2I+1) non degenerate eigenstates,
the Zeeman states, whose energies are given by:
Em = −γh¯B0m (1.79)
7As already said for the dipolar interaction, quadrupolar couplings however contribute to relaxation
processes in solution NMR spectra.
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Considering the NMR selection rules, which allow only ∆m = ±1 transitions, for a
spin I, 2I isoenergetic transitions are possible, all corresponding to a resonance frequency
equal to the Larmor frequency (ω0 = γB0).
Actually, the quadrupolar interaction has to be taken into account: when νQ  ν0,
where ν0 is the Larmor frequency expressed in frequency units ([s−1]=[Hz]), the first order
quadrupolar correction to the Zeeman Hamiltonian gives a sufficiently good approxima-
tion; therefore, the secular part of ĤQ has to be considered.
ĤsecQ , expressed in polar coordinates and in angular frequency units ([rad s
−1]), results to
be:
ĤsecQ =
6piCQ
8I(2I − 1)(3 cos
2 θ − 1 + 1
2
ηQ sin2 θ cos 2φ) (1.80)
where θ and φ are the polar angles which define the orientation of the static magnetic field
B0 in the principal axes frame of the EFG (V ) tensor.
The first order corrections to the energies of the Zeeman states, determined by ĤsecQ ,
are [4]:
E(1)m =
eQVzz
4I(2I − 1)(I(I + 1)− 3m
2)
[
1
2
(3 cos2 θ − 1)− ηQ cos 2φ(cos2 θ − 1)]
]
(1.81)
It results that the 2I possible transitions are no longer degenerate.
In the case of an axially symmetric EFG tensor (ηQ = 0) (this is always the case
for a nucleus in an axially symmetric crystallographic site, for which the z-axis of the
EFG tensor always coincides with the symmetry axis), the resonance frequency, for each
transition, can be expressed as:
ω = ω0 − 38
(
2m− 1
I(2I − 1)
)
2piCQ(3 cos2 θ − 1) (1.82)
where m is the spin quantum number of the initial state.
Considering, for example, a spin-32 nucleus, and indicating the Zeeman states as |m〉, the
three possible transitions are:
∣∣3
2
〉↔ ∣∣12〉, ∣∣12〉↔ ∣∣−12〉 and ∣∣−12〉↔ ∣∣−32〉.
Applying the Equation 1.82, it is easy to verify that the resonance frequency for the so
called central transition
∣∣1
2
〉 ↔ ∣∣−12〉 is not perturbed by the quadrupolar interaction,
remaining equal to the Larmor frequency.
On the other hand, the resonance frequencies for the two satellite transitions,
∣∣3
2
〉↔ ∣∣12〉,
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Figure 1.13: Powder pattern for a spin- 32 nucleus. The central and the two satellite transitions
are shown, together with the resultant observable lineshape.
∣∣−12〉↔ ∣∣−32〉 result to be:
ω
(∣∣∣∣32
〉
↔
∣∣∣∣12
〉)
= ω0 − 14(2piCQ)(3 cos
2 θ − 1) (1.83)
ω
(∣∣∣∣−12
〉
↔
∣∣∣∣−32
〉)
= ω0 +
1
4
(2piCQ)(3 cos2 θ − 1) (1.84)
Therefore, the frequencies of both the satellite transitions depend on the molecular
orientation through a (3 cos2 θ− 1) term, with θ angle between the z principal axis of the
EFG tensor and the magnetic field B0. This is the same orientation dependence seen for
both an axially symmetric chemical shift and a dipolar interaction. By integrating these
expressions on all the molecular orientations, the two typical axially symmetric powder
patterns are then obtained (Figure 1.13).
By expressing the resonance frequencies in frequency units rather than in angular fre-
quency units, the “usefulness” of the quadrupolar coupling constant CQ becomes clear:
indeed the maximum breadth of the powder pattern is CQ, and the distance between the
two divergences is CQ/2.
If an integer spin nucleus, for example a spin-1 nucleus, is considered, only two tran-
sitions are allowed, their frequencies having the same orientation dependence as the two
satellite transitions of a spin-32 nucleus.
On the other hand, dealing with quadrupolar nuclei, it is not unusual to find that the
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quadrupole frequency (νQ = 3CQ/[2I(2I − 1)]) is comparable to the Larmor frequency ν0;
for νQ ≈ 110ν0 [10], first order quadrupolar corrections to the energies of the Zeeman states
are no longer sufficient, and at least second-order corrections have to be considered.
The second order quadrupolar corrections to the Zeeman energy states are [4]:
E(2)m = −
(
eQVZZ
4I(2I − 1)
)2 m
ω0{
− 1
5
(I(I + 1)− 3m2)(3 + η2Q)
+
1
28
(8I(I + 1)− 12m2 − 3) [(η2Q − 3)(3 cos2 θ − 1) + 6ηQ sin2 θ cos 2φ]
+
1
8
(18I(I + 1)− 34m2 − 5)
[
1
140
(18 + η2Q)(35 cos
4 θ − 30 cos2 θ + 3)
+
3
7
ηQ sin2 θ(7 cos2 θ − 1) cos 2φ+ 14η
2
Q sin
4 θ cos 4φ
]}
(1.85)
It is worth to notice that this expression includes a multiplicative factor 1/ω0, which
implicates that the second order quadrupolar effects decrease by increasing the Larmor
frequency: therefore spectra acquired at higher magnetic field will be considerably less
affected by the second order quadrupolar interaction.
It is also noticeable that the first term of the long sum within curly brackets is the only
one which does not depend on the molecular orientation. While the frequency of the cen-
tral transition of an half-integer spin nucleus is not perturbed at the first order by the
quadrupolar interaction, it results to be strongly affected by second order corrections. In
practice, the satellite transitions, already broadened by first order effects, are often very
difficult to be observed in a standard NMR experiment on a powder sample; therefore
most of the experimental efforts are aimed to the observation of the central transition.
The central transition signal of an half-integer quadrupolar nucleus, for which second order
corrections have to be taken into account, results to be a broad peak, whose lineshape is
determined, neglecting magnetic shielding anisotropy effects, by the quadrupolar param-
eters (CQ and ηQ); the breadth of the central transition line is, in frequency units [11]:
∆ν =
(η2Q + 22ηQ + 25)
144ν0
[
9C2Q
[(2I)(2I − 1)]2
] [
I(I + 1)− 3
4
]
(1.86)
In Figure 1.14 calculated lineshapes of a central transition with CQ/ν0 = 2 × 10−2 and
different values of ηQ are shown.
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Figure 1.14: Calculated lineshapes for the central transition affected by second order quadrupolar
effect. Each spectrum is calculated for a nucleus with CQ/ν0 = 2 × 10−2 and η value reported in
figure.
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1.2.4 Indirect spin-spin interaction
This interaction, more commonly referred to as J coupling, involves, as in the case of
the already described dipolar interaction, two or more nuclear spins. Indeed the J cou-
pling is sometimes indicated as indirect dipole-dipole coupling, where the adjective indirect
emphasizes that, in this case, the interaction among the spins is not directly among the
nuclear magnetic moments through the space, but it is mediated by the surrounding elec-
trons. Completely omitting the detailed theoretical description, first given by Ramsey in
1953 [12, 13], the mechanism of this interaction can be qualitatively imagined as a per-
turbation induced by a nuclear spin on the surrounding electrons, which, through the
chemical bonds framework, is transmitted to other nuclei.
The Hamiltonian describing the indirect spin-spin interaction has the same form of
ĤDD (Equation 1.65); the molecular orientation dependence is contained in a second-rank
tensor, J , which, like the direct dipolar coupling tensor D, is diagonal. On the other
hand, differently from D, J is not traceless; for this reason this interaction is observable
also in solution NMR, where it gives rise to the common splittings of the signal, known
as J couplings. The anisotropic part of J is usually treated together with the dipolar
interaction: a global coupling constant can be measured and, apart from very heavy nuclei
for which it could become really relevant, the J contribution to the direct dipolar coupling
is usually very small (< 10%). Nevertheless, experimental methods for determining the
anisotropy of J are reported in literature [14,15], their role being very important especially
for studies aimed to accurately measure molecular structural data.
1.3 Difference between NMR in solids and liquids
As evident from the previous section, each nuclear spin interaction has peculiar features,
concerning its physical origin, the nuclear properties involved, the “participants” to the
interaction and the experimental manifestation in the NMR spectrum; nevertheless all of
them have the common effect of transforming the single resonance signal of a nuclear spin,
which would arise from the sole Zeeman interaction, into a powder pattern, which, by
definition, is always spread over a variable range of frequencies.
The reason for that is the anisotropy of all the nuclear spin interactions, that is their
dependence on the molecular orientation, in particular with respect to the “quantization
axis” aligned with the static magnetic field B0.
In other words, the nuclear resonance frequency, as determined by a certain interaction, is
a function of the molecular orientation: in a powder solid sample, all the possible molecular
orientations are statistically present and the powder pattern results from the integral of
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the frequency function over the molecular orientations distribution.
Nevertheless the role of the interactions anisotropy is strongly modulated by the phys-
ical state of the sample: if a powder solid is at one extreme, a liquid is at the opposite
one. The fast brownian motions of the molecules in a liquid average out the anisotropy of
the interactions: in mathematical terms, as already said in the previous section, only the
isotropic part of each interaction, that is the trace of the relative tensor, is retained.
Indeed, the narrow signals observed in a solution NMR spectrum are characterized by the
chemical shift and J coupling constant values, which arise from the only two non trace-
less spin interactions; on the other hand, the dipolar and quadrupolar interactions, both
represented by traceless tensors, do not directly affect the solution NMR spectra.
In between liquids and powder samples there are at least two important intermedi-
ate cases: the liquid crystals and the single crystals. In liquid crystalline samples, the
anisotropy of the phase prevents the interactions anisotropy to be completely averaged
out; consequently, dipolar and quadrupolar interactions directly affect the spectra, giving
rise to characteristic splittings of the signals. In single crystals samples, all the molecules
have the same orientation (or only few different) with respect to a given direction: the
powder pattern is therefore simplified to the contribution of a single orientation (a single
line or a multiplet).
Coming back to the powder samples, which constitute the vast majority of the common
solid compounds, the complexity of an experimental spectrum can be easily imagined just
considering that a real sample will contain many inequivalent nuclei and, for each of them,
the spin interactions could be, in principle, completely different (different chemical shift,
different dipolar interactions, etc..), thus making the spectrum a complex superimposition
of many different powder patterns. Due to the considerable breadth of typical powder
patterns (approximatively of the order of 102÷ 104 Hz, whereas the typical linewidth of a
solution NMR signal can be less then 1 Hz) it is easy to imagine that the solid-state NMR
spectrum would result as a broad and involute pattern, from which the extraction of any
useful information would be completely unfeasible.
Despite this lack of resolution does not prevent several important studies to be per-
formed, as, to cite only examples contained in the thesis, low-resolution proton NMR
experiments described in Subsection 2.4.2 and lineshape analyses of quadrupolar nuclei
described in Chapter 8, most of the potentialities of solid-state NMR spectroscopy have
been exploited since the development and the combined application of a set of special
techniques, which allowed the anisotropy of the interactions to be partly or completely
eliminated, and a so called “high-resolution” spectrum to be obtained.
These techniques are the subject of the next section.
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Figure 1.15: Magic-angle spinning set up. The sample holder, rotor, is represented by the gray
cylinder. The polar angles α and β define the orientation of the static magnetic field B0 in the
rotor axes frame (xR, yR, zR).
1.4 High-resolution solid-state NMR
The birth of the “modern” solid-state NMR is commonly fixed at 1976, when three,
singly developed, fundamental techniques, the Magic Angle Spinning (MAS), the High-
Power Decoupling (HPD or, equivalently, DD) and the Cross-Polarization (CP) were first
combined, allowing 13C high-resolution NMR spectra to be obtained on powder samples [1].
While the first two techniques (MAS and DD) strictly affect the spectral resolution, the
Cross Polarization acts strongly improving the sensibility of dilute spins (such as 13C).
1.4.1 Magic-angle spinning (MAS)
The magic-angle spinning [16, 17] consists in a fast macroscopic rotation of the sample
about an axis oriented at a magic angle with respect to the magnetic field B0 direction
(Figure 1.15). It requires a special experimental setup for the sample holder (rotor), as
well an opportune pneumatic system, both of them nowadays routinely present in NMR
spectrometers equipped for solid-state studies. The magic-angle spinning is a brilliant
device which reproduces, on solid samples, the effect of the fast brownian motions in the
liquids.
Without going into theoretical details, the principle of MAS can be illustrated by consid-
ering the effect on the shielding interaction. As shown in Section 1.2.1, at the first order,
the shielding tensor (σ), written into the laboratory frame, can be reduced to the sole
σzz component, with the z-axis along the static magnetic field direction. If a “rotor axes
frame” is defined such as the zR-axis is along the sample rotation direction (Figure 1.15),
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it can be proved that σlabzz is equal to [4]:
σlabzz = σiso +
1
2
(3 cos2 α− 1)(σRzz − σiso)
+ sin2 α
[
1
2
(σRxx − σRyy) cos(2ωRt) + σRxy sin(2ωRt)
]
+sin(2α)[σRxz cos(ωRt) + σ
R
yz sin(ωRt)] (1.87)
where ωR is the sample spinning angular frequency and the orientation ofB0 into the rotor
axes frame is defined by the polar angle α and β, the last being equal to ωRt (Figure 1.15).
Equation 1.87 contains one time-independent term (the first two addenda of the sum) and
one time-dependent term (the last two addenda).
If the spinning frequency is much greater (approximatively at least 3 or 4 times) than the
chemical shift anisotropy, which practically corresponds to the powder pattern breadth in
frequency, the time-dependent term can be neglected.
The remaining time-independent part contains the isotropic chemical shift and an angular
term (not by chance reminiscent of the orientation dependence factor of the spin interac-
tions), which only depends on the α angle between the zR-axis and B0. Setting α at the
magic angle, 54.74◦, the angular term is null and σzz becomes equal to σiso.
Therefore, the magic-angle spinning averages out the anisotropy of the shielding interac-
tion, whose contribute to spectrum is simply reduced, as in solution NMR, to the isotropic
shielding (or, equivalently, the isotropic chemical shift).
Since all the interactions contribute to the spin Hamiltonian, at the first order, only
through their zz component, it can be demonstrated that the result just shown for the
shielding interaction is generalizable to all the spin interactions. In the case of the
quadrupolar interaction, when second-order effects have to be taken into account, the
magic-angle spinning cannot completely average out the anisotropy of the interaction, but
the central transition linewidth can be considerably reduced.
The assumption that the spinning frequency largely exceeds the interaction anisotropy
is actually a quite strong limitation for the MAS “magic” effect. Several technical prob-
lems prevent to freely raise up the spinning frequency: at present, the maximum MAS
frequency achieved is 70 kHz, while on the best performing probeheads available for com-
mercial spectrometers such limit is reduced to 35-40 kHz. At the routine MAS frequencies,
depending on the nucleus and the interactions anisotropy, the previous assumption can
be no longer applicable; when the MAS frequency does not largely exceed the interaction
anisotropy, the time-dependent term of Equation 1.87 cannot be neglected and, as a con-
sequence, magic-angle spinning cannot completely average out the interactions anisotropy.
The consequences on the NMR spectrum strongly depend on the character of the
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Figure 1.16: Effect of the magic-angle spinning frequency on a chemical shift powder pattern.
The spectra refer to an axially symmetric chemical shift tensor, with isotropic chemical shift equal
to 0 and anisotropy of 5 kHz.
interaction considered.
In the case of inhomogeneous interactions, as the chemical shift, the heteronuclear and
two-spin homonuclear dipolar interactions, the powder pattern is transformed in a series
of narrow signals: one of them is the isotropic signal, while the others, arising from the
time-dependent term, appear at frequencies which differ from the isotropic signal by an
integer multiple of the spinning frequency. The latter signals are called spinning sidebands
(ssb): their intensity profile reproduces the static powder pattern, and, the higher the
spinning frequency is, the fewer the spinning sidebands are. Differently from the isotropic
signal, the ssb positions depend on the spinning frequency; therefore, by acquiring spectra
at different spinning rates, they can be easily recognized. The effect of the MAS frequency
on a chemical shift powder pattern is shown in Figure 1.16.
On the other hand, if homogeneous interactions are considered (as homonuclear dipolar
couplings involving more than two spins), when the spinning frequency does not largely
exceeds the static signals linewidht, the magic-angle spinning effect on the spectrum is very
scarce. In particular, if the spinning frequency (ωR) is much less than the static linewidth
(∆ω), the signal is almost unaffected by magic-angle spinning; in an intermediate regime
in which ωR ≈ ∆ω/4, very broad spinning sidebands appear. The effect of the magic-angle
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Figure 1.17: Effect of the magic-angle spinning frequency on a signal broadened by homogeneous
homonuclear dipolar interactions. ∆ω and ωR are the signal static linewidth and the spinning
frequency, respectively.
spinning on a signal affected by homonuclear dipolar interaction is shown in Figure 1.17.
Going into some more practical considerations, magic-angle spinning plays an essen-
tial role in the obtainment of solid-state high resolution spectra of nuclei for which the
homononuclear dipolar interaction is not dominant; this happens with the so called “dilute
spins”: 13C and 29Si are two common examples for which homonuclear dipolar interactions
can be almost neglected. In most cases, magic-angle spinning, at the available spinning
frequencies, is able to average out the chemical shift anisotropy of the different signals;
therefore, provided to remove the heteronuclear dipolar couplings (see following subsec-
tion), high-resolution spectra of these nuclei can be obtained.
On the other hand, the 1H nucleus is the most important case in which the magic-angle
spinning is often not sufficient to obtain high resolution spectra: the high natural abun-
dance and the usually numerous presence in most common compounds, cause the homonu-
clear dipolar interactions to dominate the proton spectra. Due to their large anisotropy
and homogeneous character, the commonly available spinning frequencies often do not
allow high resolution spectra to be straightforwardly obtained.
A more detailed description of the experimental aspects concerning the observation of the
nuclei investigated in this thesis is reported in Sections 2.3–2.4.
38
1.4.2 High-power decoupling (DD)
In the case of dilute spins (13C, 29Si, ...) the main cause of line-broadening is often the
heteronuclear dipolar interaction with abundant spins, usually protons. Even if the na-
ture of the heteronuclear dipolar interaction is mainly inhomogenous, in the case in which
the abundant spins are involved in an homonuclear dipolarly coupled network, an ho-
mogeneous contribution of these last interactions in the dilute spin spectrum is present;
in particular this results in an homogeneous line-broadening which, as described in the
previous subsection, cannot be usually removed by magic-angle spinning at the available
spinning frequencies. Fortunately, by the employment of high-power decoupling, sometimes
also referred to as dipolar decoupling (DD), all the effects of the heteronuclear dipolar cou-
plings can be removed, so allowing high-resolution spectra of dilute spins to be obtained.
In its simplest form high-power decoupling consists of a continuous radio-frequency irra-
diation, Continuous Wave (CW) decoupling, applied at the resonance frequency of the
abundant spins coupled with the dilute ones to be observed; the rf power which has to be
employed is somehow proportional to the strength of the heteronuclear dipolar coupling,
therefore, even if the idea is exactly the same as the decoupling employed in solution NMR
(for removing the J couplings), in the solid state an rf power hundreds of times stronger is
currently used8. The scheme of the simple pulse sequence employed for the acquisition of
an X spectrum in which a CW proton decoupling is employed is reported in Figure 1.18.
More evolute high-power decoupling pulse sequences have been developed and successfully
applied, two important examples being the two-pulse phase-modulated (TPPM) [18] and
the SPINAL [19] sequences. Most the proton-decoupled spectra reported in this thesis
have been acquired applying a CW decoupling sequence, which resulted efficient enough
for removing heteronuclear dipolar couplings for the systems here investigated.
1.4.3 Cross-polarization (CP)
Unlike magic-angle spinning and high-power decoupling, cross-polarization [20–25] does
not act on the spectral resolution, but it is very useful, sometimes indispensable, for the
obtainment of diluite spin spectra with a good signal to noise ratio. Indeed, dilute spins
are troubled both by low natural isotopic abundance and by long T1 relaxation times,
which, as better described in the next section, determine the time delay between two con-
secutive scans; for both these reasons a spectrum with a good signal to noise ratio can
take a very long time to be collected.
Cross-polarization acts on this problem, by allowing a magnetization (polarization) trans-
8It is worth to notice that a rigorous explanation of high-power decoupling would require to have
recourse to the average Hamiltonian theory, which can be found in reference [4].
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Figure 1.18: Pulse sequence for the acquisition of the simplest proton-decoupled X spectrum.
The abbreviation DD is commonly used to indicate the high-power decoupling.
fer to be realized from abundant to dilute spins, exploiting the heteronuclear dipolar
interactions. Commonly, the abundant spins are protons, but, in principle, any other
abundant spin can be used (19F for instance).
Even if a theoretical treatment of cross-polarization is possible and necessary for a rigorous
discussion, considering the aims and the contents of the thesis, I am just interested in ex-
plaining, very qualitatively, the idea at the basis of this technique and in highlighting some
aspects which will be often used in discussing the experimental results of the thesis [4].
Experimentally, cross-polarization, as high-power decoupling, requires the presence of
at least two channels on the spectrometer. The CP pulse sequence (Figure 1.19) consists
in a 90◦x pulse on the 1H channel, followed by the simultaneous application of two contact
pulses along the −y direction, on both the 1H and the X channels, for a time called contact-
time.
After the 90◦x pulse, a proton magnetization M(H) in the −y direction is created.
Reminding that, from the vector model, in the rotating frame M precesses around B1,
the effect of the −y contact pulse will be to simply lock the proton magnetization M(H)
along the −y axis (the magnetic field corresponding to the contact pulse is indicated as
spin-lock field).
The alignment between M(H) and the spin-lock field B1(H) suggests a parallelism with
the equilibrium situation of a generic magnetization M in a static field B0: the B1(H)
direction (−y) can be considered as a quantization axis, as well as the B0 direction in an
equilibrium situation. Within this parallelism, 1H spin states (|α∗H〉, |β∗H〉) can be defined
in the rotating frame, their energy gap being, in angular frequency, ω1(H) = γHB1(H).
In order to realize cross-polarization, the simultaneous contact pulse acting on the X spins
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Figure 1.19: CP pulse sequence. As represented in figure, the contact pulse, indicated with CP,
is always much longer (2-4 orders of magnitude) than the excitation 90◦ pulse.
has to be set so that the Hartmann-Hahn matching condition is satisfied:
γHB1(H) = γXB1(X) (1.88)
In this condition the frequencies of the 1H and X rotating frames are equal: ω1(H) = ω1(X);
therefore, the energy gap between the 1H and the X spin states in the rotating frame is the
same and, therefore, an energy exchange between the 1H and X spin systems is possible.
After the contact pulse, the 1H energy distribution is out of equilibrium: the transverse
magnetization aligned with the spin-lock field B1(H), equal in magnitude to the initial
magnetization aligned with B0, is too much for the thermal equilibrium established by
B1(H), always much smaller than B0 (γB0/2pi is of the order of MHz, while γB1/2pi is
of the order of kHz); in terms of spin states this means a population excess for the |α∗H〉
state.
The heteronuclear dipolar interaction, expressed (in angular frequency units) by:
ĤHX = −
∑
j<k
djk(3 cos2 θjk − 1)ÎHjz ÎXkz (1.89)
where djk = h¯
(µ0
4pi
)
1
r3
γjγk is the dipolar-coupling constant for the jth 1H and kth X spins
(Equations 1.66, 1.67), contains only Îz operators: being the quantization axis, in the
rotating frame, perpendicular to z, ĤHX cannot affect the net energy of the system. On
the other hand, it can allow the spin system to reach an equilibrium situation, transfer-
ring the energy arising from |α∗H〉 → |β∗H〉 transitions to the X spin states, by inducing
|β∗X〉 → |α∗X〉 transitions.
In such an energy redistribution, due to the Hartmann-Hahn matching, the net energy
of the H-X spin system is unchanged. Correspondently, the system net magnetization is
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unaltered, but it has been redistributed between H and X, as well: the energy exchange
between the H and X spin states corresponds to a decrease of the 1H transverse magneti-
zation in favour of the creation of an X transverse magnetization, which, in the end, gives
rise to a detectable X resonance signal.
Creating X magnetization by transfer from the abundant 1H spins system rather than
by direct X excitation provides, at least, two important advantages: the X low natural
abundance is by-passed and it is not necessary to employ a long time delay between two
consecutive scans, being the recovering of the equilibrium magnetization along B0 dic-
tated by the proton T1 instead of the longer X T1.
In the reported approximated description of the cross-polarization, the homonuclear dipo-
lar interaction among the protons has not been cited: nevertheless it is involved in the
process, especially allowing the energy redistribution among protons9.
From a practical point of view, the set-up of a CP experiment requires the Hartmann-
Hahn matching condition to be established: this is usually realized by fixing the amplitude
of B1(H) and repeating the experiment varying the amplitude of of B1(X), or viceversa.
Apart from deviations, possible when the experiment is performed with MAS, the matching
is indicated by the reached maximum intensity of the X signal. For a given HX couple,
the Hartmann-Hahn condition is usually set on a reference compound and then employed
for the different samples.
A very important aspect to consider is the “dynamics” of the cross-polarization process,
which practically means that, once that the Hartmann-Hahn matching is satisfied, the
intensity of a certain X signal is still function of the contact time. In simple cases, that is
when it is possible to assume that T1ρ(X) TXH and T1ρ(H) TXH , the X magnetization
(M) vs the contact time (tc) follows the equation [27]:
M(tc) =Meq
(
e
− tc
T1ρ(H) − e−
tc
TXH
)
(1.90)
where TXH is a time constant called cross-polarization time, T1ρ(H) is the proton spin-
lattice relaxation time in the rotating frame, described in the next section, and Meq is
the ideal maximum value that M would reach in absence of relaxation. The plot of this
function is reported in Figure 1.20. In an approximative way it can be said that the rate of
the magnetization transfer is proportional to 1/TXH , while its decay is mainly regulated
by T1ρ(H). Indeed, considering that TXH is usually shorter than T1ρ(H):
• for very short contact times, tc  TXH ,
M(tc) ∼=Meq tc
TXH
(1.91)
9It is worth to mention that beside the quantum mechanical approach, cross-polarization has been also
explained with a thermodynamic model [26].
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Figure 1.20: Trend of the X signal intensity vs the contact time as expected by Equation 1.90.
This plot has been obtained assuming Meq= 100, TXH=5 ms and T1ρ(H)=50 ms.
that is M linearly increases with tc, the line slope being
Meq
TXH
;
• for very long contact times, tc  TXH
M(tc) ∼=Meqe−
tc
T1ρ(H) (1.92)
that is M exponentially decays with tc, the exponential decay being regulated by
T1ρ(H).
Therefore, for each X nucleus in a given molecule, the contact time value at which the max-
imum polarization transfer is realized, depends on both these two time constants. While
the explanation of the spin-lattice relaxation time T1ρ(H) is postponed to the next section,
TXH can be approximatively inversely related to the strength of the X-H heteronuclear
dipolar interaction.
For an XH couple, the dipolar coupling is dictated both by structural factors (d ∝ 1
r3
),
such that the shorter the internuclear distance is, the stronger the dipolar coupling is, and
by dynamic factors: molecular motions can, to a variable extent, average the anisotropy of
the dipolar interaction, decreasing its strength; therefore, the internuclear distance being
the same, nuclei in more mobile molecular environments usually show longer TXH , while
short TXH are indicative of more rigid molecular environments.
In practice, when a CP spectrum has to be acquired on a real sample, the tc value is
chosen in order to realize, when it is possible, a sufficiently good polarization transfer for
all the different X signals. On the other hand, the different CP dynamics for different X
nuclei allows the CP experiment to be used as a selective technique: playing with the tc
value, signals arising from either more mobile or more rigid molecular environments can
be selected.
43
1.5 Relaxation
In the two following subsections I would like to report the very basic elements of relaxation
in solid-state NMR, especially with the aim of providing a brief theoretical reference for
the next chapters, in which relaxation times will be included in the description of the
experimental approach to the study of organic-inorganic multicomponent materials and in
the discussion of the results. An extensive treatment of relaxation in solids can be found
in ref. [28].
1.5.1 Relaxation times T1, T2, T1ρ
The term relaxation always refers to a process by which a system comes back to the
thermodynamic equilibrium state after a perturbation.
The relaxation processes occurring in NMR can be quite easily introduced by having
recourse to the vector model.
The conclusion of Subsection 1.1.1 has been that the magnetizationM of a spin system in
an external static magnetic field B0 (along z), first aligned, at the equilibrium, with B0
and then flipped into the xy plane by a 90◦ rf pulse, after the pulse is turned off, precesses
in the xy plane around B0 so generating the NMR signal at ω = ω0.
However, this is not an equilibrium state for the system: B0 is again the only magnetic field
present, thereforeM should be aligned with it and no transverse magnetization should be
present. Both the recovering of the Mz component back to the initial equilibrium value
and the nulling of the transverse magnetization (Mx and My components), vs time, are in
principle exponential processes, regulated by the T1 and T2 relaxation times, respectively.
Strictly speaking, T1 and T2 are contained in the Bloch equations, which describe the time
evolution of the magnetization M in a generic magnetic field B:
dM
dt
= γM ×B −M⊥
T2
+
(M0 −M||)
T1
(1.93)
where M|| and M⊥ are the M projections in the xy plane and along the z axis, respec-
tively, and M0 is the equilibrium magnetization in presence of the only static field B0.
T1 is the longitudinal or spin-lattice relaxation time, while T2 is the transverse or spin-spin
relaxation time. For both of them, the second name is related to the relaxation mecha-
nism: while longitudinal relaxation involves the energy exchange between the spin system
and the environment (the crystal lattice, for a crystalline solid), transverse relaxation only
involves energy exchanges among the spins, leaving unchanged the total energy of the spin
system.
The corresponding quantum mechanical “translation” is that spin-lattice or longitudinal
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relaxation concerns the evolution of the spin state populations back to the Boltzmann
distribution values, while spin-spin or transverse relaxation concerns the decay of the co-
herences (Subsection 1.1.2).
The easiest practical manifestations of T1 and T2 can be found in the basic NMR exper-
iment (90◦ pulse - acquisition). The NMR signal prior to the Fourier transform, that is
the electric current oscillating at the Larmor frequency (Subsection 1.1.1), exponentially
decays with time constant equal to T210; the detectable decaying-oscillating signal, in the
time domain, is the so called Free Induction Decay (FID) (Figure 1.7).
On the other hand, since T1 determines the restoring rate of the equilibrium longitudinal
magnetization after an rf pulse, it is clear that, in a multi-scans experiment, in order to
flip, in every scan, the entire equilibrium magnetization, a time delay longer (usually five
times) than T1 has to be waited between two consecutive scans.
In solid-state NMR a third relaxation time plays an important role: the spin-lattice
relaxation time in the rotating frame, T1ρ, already introduced in Subsection 1.4.3. The
situation occurring, for example, during the contact time of the CP sequence, in which a
magnetizationM , initially in equilibrium with a static magnetic fieldB0 and then flipped,
by an rf pulse, in the xy plane, is forced to remain aligned, in the rotating frame, along a
spin-lock field BSL1 , is not an equilibrium situation. As already said in Subsection 1.4.3,
BSL1 is much weaker than B0 and, consequently, M tends to assume an equilibrium
reduced magnitude equal to
(
BSL1
B0
M0
)
, which is often negligible with respect toM0, where
M0 is the equilibrium magnetization magnitude in presence of B0 only. This relaxation
process is again exponential and the time constant is the spin-lattice relaxation time in
the rotating frame, T1ρ.
1.5.2 Relaxation times and molecular motions: the simplest model
Given a certain spin system, all the relaxation times are closely related to the nuclear
interactions which contribute to the system spin Hamiltonian, their fundamental trait
d’union being the molecular motions, always present, even if in different forms, both in
liquid and solid systems.
In NMR, a generic relaxation process occurs thanks to the effect of time-fluctuating
magnetic fields, which directly arise from the time modulation of the spin interactions
exerted by the molecular motions. This is true for all the nuclear spin interactions, even
if they contribute to a different extent to the relaxation processes. As far as spin-12 nuclei
are concerned, the dipolar interaction is usually the most important source of relaxation,
10Actually, this is rigorously true for a liquid; as it will be shown in the following, the situation is much
more complicated in solids.
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followed by the chemical shift, while, in the case of quadrupolar nuclei, the quadrupolar
interaction prevails on both the dipolar and the chemical shift ones. By the way, it is
important to notice that in isotropic liquids, the dipolar and quadrupolar interactions, as
well as the chemical shift anisotropy, even not directly contributing to the NMR spectrum,
play an important role in determining the relaxation processes.
Relaxation in NMR is usually approached in a statistical way, by first introducing
the time correlation function, G(τ) of a generic time-dependent local magnetic field b(t),
arising from the fluctuating spin couplings:
G(τ) = 〈b(t) · b(t+ τ)〉 (1.94)
where 〈〉 indicates an average over an equilibrium ensemble.
G(τ) is defined such as to describe the correlation between the local field values at time t
and t+ τ , and it is considered independent of t.
Particularly useful is the Fourier transform of the correlation function:
J(ω) =
∫ ∞
−∞
G(τ)e−iωτdτ (1.95)
the so called spectral density function, which expresses the power available for the relax-
ation over the whole frequency “spectrum”.
Through the spectral densities, the measurable relaxation times can be related to the
molecular motions parameters, somehow contained into the correlation function. Within
the Redfield theory [2, 29], which strictly speaking would be applicable only in “fast mo-
tion” regimes (this aspect will be better discussed in the following), the different relaxation
rates, inverse of the respective relaxation times, can be indeed expressed as linear combi-
nations of spectral densities:
Rk =
1
Tk
=
∑
i
ciJ(ωi) (1.96)
A very simple expression of the correlation function was introduced by Bloembergen,
Purcell and Pound in 1948 [30], within the so called BPP theory for the NMR relaxation.
By assuming to consider a random motion and an ensemble of equivalent dynamic unities,
G(τ) can be expressed as:
G(τ) = 〈b2〉e− ττc (1.97)
where 〈b2〉 is the mean squared value of b and τc is the correlation time, which is a time
constant describing the decay of the correlation in the b fluctuations. Even if this is not
rigorous, sometimes it can be useful to establish an over-simplified relation between τc and
some time constant typical of the motion (as, for instance, the period of a rotation).
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Figure 1.21: Curves of the spectral density J(ω) vs ω, as provided by the BPP theory (Equa-
tion 1.98), calculated for three different values of correlation time, τc.
The spectral density corresponding to the BPP expression of G(τ) is:
J(ω) = 〈b2〉 2τc
1 + ω2τ2c
(1.98)
In Figure 1.21 J(ω) is plotted for three different values of τc; it is noticeable that the
spectral density is almost constant for, approximatively, 0 ≤ ω ≤ 1τc , and then it decreases.
From a physical point of view, this means that most of the power for relaxation is provided
at frequencies less than or equal to the “frequency” of the b(t) fluctuations.
As previously said, the dipolar interaction is the most important source of relaxation
for spin-12 nuclei; the homonuclear dipolar interactions will be the most important source
of relaxation for an ensemble of abundant spins (as 1H ), while the heteronuclear ones will
be dominant in the relaxation of dilute spins (as 13C). In the following I will report some
results concerning only the case in which the relaxation is determined by homonuclear
dipolar couplings.
When relaxation is determined by homonuclear dipolar couplings, the relaxation rates
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R1, R2, R1ρ, result to be:
R1 =
1
T1
=
3
2
KI [J1(ω0) + J2(2ω0)] (1.99)
R2 =
1
T2
=
3
2
KI
[
1
4
J0(0) +
5
2
J1(ω0) +
1
4
J2(2ω0)
]
(1.100)
R1ρ =
1
T1ρ
=
3
2
KI
[
1
4
J0(2ω1) +
5
2
J1(ω0) +
1
4
J2(2ω0)
]
(1.101)
where:
KI =
(µ0
4pi
)2
γ4I h¯
2I(I + 1) (1.102)
with µ0 the magnetic permeability of a vacuum.
Assuming to consider an isolated couple of spins, with internuclear vector r constant
in modulus and subject to isotropic rotational diffusion, 〈b2〉 can be calculated for the
different Ji contained in Equations 1.99-1.101. Then, by expressing the various spectral
densities according to the BPP theory (Equation 1.98), the relaxation rates result to be:
R1 =
1
T1
=
2
5r6
KI
[
τc
1 + ω20τ2c
+
4τc
1 + 4ω20τ2c
]
(1.103)
R2 =
1
T2
=
3
5r6
KI
[
τc +
5
3
(
τc
1 + ω20τ2c
)
+
2
3
(
τc
1 + 4ω20τ2c
)]
(1.104)
R1ρ =
1
T1ρ
=
2
5r6
KI
[
3
2
(
τc
1 + 4ω21τ2c
)
+
5
2
(
τc
1 + ω20τ2c
)
+
τc
1 + 4ω20τ2c
]
(1.105)
Looking at the frequencies present in the different relaxation rate formulae, which descend
from the respective spectral densities contained in Equations 1.99-1.101, and considering
the meaning of the spectral density functions as well as the previously mentioned rough
parallelism between τc and a motional time constant, it can be easily guessed that the
two spin-lattice relaxation processes, characterized by T1 and T1ρ, are determined by
molecular motions with characteristic frequencies of the order of magnitude of ω0 (Larmor
frequency) and ω1 (ω1 = γB1, where B1 is the spin-lock field), respectively, while the
spin-spin relaxation, regulated by T2, results to be affected by molecular motions both at
ω0 and at very low frequencies, in principle at zero frequency (actually, as better explained
in the following, T2 measurements in the solid state cannot be used for studying very slow
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Figure 1.22: Curves of T1, T2, T1ρ vs the correlation time, τc, as provided by the BPP theory
for an isolated couple of protons, separated by 0.1 nm. The T1 trend is calculated at two different
values of ω0, 30 and 300 MHz, while the T1ρ trend is calculated assuming a spin-lock frequency
ω1=100 kHz.
molecular motions).
In Figure 1.22, the three relaxation times are plotted vs the correlation time τc. Even if
a more proper description of the temperature dependence of the various relaxation times
requires the assumption of a certain model, in the simplest case, for example, the Arrhenius
law:
τc = τ∞e
Ea
kT (1.106)
(where τ∞ is a temperature independent parameter and Ea is the motion activation en-
ergy), considering that, in general, the correlation time will decrease by increasing the
temperature, an approximate idea of the temperature trends of relaxation times can be
obtained by the curves reported in Figure 1.22. In this sense, the very “right” part of the
plot (short τc) can be considered representative of the motional situation in liquids, while
the very left (long τc) can be indicative of rigid solid systems. As it can be guessed by the
plot, what happens in practice is indeed that, in liquids, that is under extreme narrowing
conditions (ω20τ
2
c  1), T1, T1ρ and T2 are often equal and do not depend on ω0, while,
in solids, T2 is usually considerably shorter than T1 and T1ρ. Moreover, T2 is expected
to have a monotonic trend with the temperature, while both the T1 and T1ρ curves pass
through a minimum, raised and shifted to shorter τc with increasing ω0. In discussing
these trends, some considerations on the effective applicability of Equations 1.103–1.105,
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are necessary. As already mentioned, the Redfield theory, from which the expression of
relaxation rates in terms of spectral densities (Equation 1.96) descends, is strictly valid
when τc  T1, T2 [2]. In rigid solid systems this condition is usually not satisfied for T2.
What happens in practice is that T2′s are usually in the very left part of the curve reported
in Figure 1.22, where the experimental trend (solid line) deviates from the hypothetical
Redfield-BPP trend (dashed line) and T2′s are therefore insensitive to molecular motions
(and thus to the temperature); in particular, this happens when the motion correlation
time τc exceeds the so called rigid-lattice limit, that is for τc larger than the inverse of the
static linewidth (usually of the order of 10−5 s−1). Also considering that, even when T2′s
out of the rigid lattice limit are measured, effects other than dynamic might affect their
values (the static field inhomogeneity for example), it descends that quantitative stud-
ies of molecular motions by means of variable temperature T2 measurements in the solid
state are difficult and not common. Nevertheless, T2 measurements can provide useful
semi-quantitative information concerning, in general, the degree of molecular mobility of
different regions in a sample. In this thesis, for example, proton T2 measurements have
been widely employed to single out motionally distinct regions of a sample (see also Sub-
section 2.4.2): considering that, out of the rigid-lattice regime, T2 always monotonically
increases with decreasing τc, shorter T2 values could be related with sample domains char-
acterized by a minor degree of molecular mobility, while longer T2′s could be considered
indicative of more mobile sample fractions.
As far as T1 and T1ρ are concerned, as already said for T2, in most solid systems their
values can be found in the slow motions side (left part of the curves reported in Fig-
ure 1.22) and usually Equations 1.103–1.105 do not suitably describe the trend with τc of
T1 and T1ρ. On the other hand, differently from T2′s, variable temperature T1 and T1ρ
measurements allow molecular motions to be accurately characterized also in the solid
state. Indeed, even when some slow motions do not match requirements on which the
Redfield theory is based, due to the occurrence of spin diffusion (described in the next
subsection), fast relaxing nuclei present in relatively mobile molecular fragments or phase
domains “drive” the spin-lattice relaxation processes of all the other nuclei: the actually
measured T1 and T1ρ values are averaged values, which result to be closer to the shorter
intrinsic ones (see also Subsection 2.4.2, in particular the parts dealing with the exper-
imental measurement of proton T1 and T1ρ). For these reasons the trend of measured
spin-lattice relaxation times, contrary to what happens for T2, can be usually reproduced
by means of suitable motional models. BPP curves (Figure 1.22), even though not fully
adequate, might provide an approximate idea of the real T1 and T1ρ trends vs τc. Actually,
in order to accurately characterize molecular motions from relaxation time measurements,
the BPP theory, derived for the strongly ideal system of an isolated couple of spins for
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which the homonuclear dipolar interaction is the main source of relaxation, has to be
overcome. For the analysis of both protons and heteronuclei relaxation times, theoretical
and semi-empirical models have been developed which take into account a major degree of
“reality”, as, for example, the simultaneous presence of several motions, the distribution of
correlation times and the correlation among motions. Analogously, beside the Arrhenius
law, more complicated equations for the temperature dependence of the relaxation times
can be applied. Therefore, the experimental trends of the various relaxation times can be
much more complicated than those provided by the BPP theory (for a reference review
see ref. [31]; for an example of experimental approach to an extensive relaxation study see
ref. [32–34]).
Extensive relaxation studies are out of the aims of this thesis, nevertheless, relaxation
times data obtained by high- as well as low-resolution experiments and analyzed by either
qualitative or quantitative way, will result very useful in investigating and discussing the
molecular dynamics of the systems studied, especially in terms of the existence of motion-
ally distinct domains; this aspect is better described and exemplified in Sections 2.3–2.4.
1.5.3 Spin diffusion
This expression indicates an important process, which can strongly affect the nuclear relax-
ation behaviour of solid systems, consisting in a spatial diffusion of nuclear magnetization
occurring without diffusion of matter. The origin of this process lies in the B term of the
homonuclear dipolar interaction Hamiltonian (Equation 1.2.2), also called flip-flop term.
The effect of the B term on a pair of dipolarly coupled spins is to exchange their polar-
izations: if, for example, the first spin is in the |α〉 Zeeman state and the second in the
|β〉 state, under the effect of the B term the situation is reversed; it is important to notice
that this exchange process does not alter neither the energy nor the net magnetization of
the system.
By extending the flip-flop process from a single spin pair to a network of like spins, a spa-
tial diffusion of the magnetization is realized. Because, at short times, the time evolution
of the spatial distribution of the magnetization can be described by a diffusion equation,
the process is referred to as spin diffusion. The just mentioned diffusion equation is:
∂M(r, t)
∂t
= D
∂2M(r, t)
∂2r
(1.107)
where M(r, t) is the magnetization, function of both the spatial coordinates and time,
and D is the spin diffusion constant. From the universal random walk result, D can be
expressed as:
D = 〈r2〉/nτ (1.108)
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where 〈r2〉 is the main square diffusive path length, τ is the time for a step in the random
walk and n = 2, 4, 6 for diffusion in 1, 2, 3 dimensions, respectively (actually, in dependence
on the geometrical models assumed to describe the morphology of the systems, especially
polymers, n can range from 1 to 6) [28].
Being originated from the homonuclear dipolar couplings, spin diffusion is particularly
important in abundant spin systems, where it strongly affects the nuclear spin relaxation
behaviour. Indeed, in most organic systems, the measured proton T1 and T1ρ values do not
correspond to their intrinsic values, that is the values hypothetically measurable in absence
of spin diffusion, being instead intermediate values between the shortest and the longest
intrinsic T1 and T1ρ, respectively (see also Subsection 2.4.2, in particular subsubsections
concerning the experimental measurements of proton T1 and T1ρ). The reason for this
is that the spin diffusion allows the fast relaxing nuclei to act as relaxation sink for the
close longer relaxing nuclei; the extent of the averaging process, which can be complete, so
determining a unique average T1 and T1ρ value to be measured, or partial, so allowing more
different relaxation times values to be detected, depends on the time the spin diffusion
is let to proceed, on the spin diffusion rate and on the degree of homogeneity of the
sample. Provided to know the first two factors, spin diffusion can be used as a probe
for investigating the heterogeneity of a sample: this is the idea of the Goldman-Shen
experiments, in which the spin diffusion is used to determine the different domain sizes of
a sample [35]. An approximate estimate of the heterodomain sizes present in a sample can
be drawn by the proton T1 and T1ρ measurement. By substituting, in Equation 1.108, τ
with T1 or T1ρ and taking some good reference values from the polymers “world”, in which
spin diffusion has been extensively studied, as n = 6, a D of 10−16m2s−1 for the laboratory
frame and half of this for the rotating frame [28], and T1 and T1ρ typical values of 700
ms and 10 ms, respectively, the corresponding maximum diffusive path lengths result to
be of the order of 20 nm and 2 nm, respectively. This means that an efficient T1 or T1ρ
relaxation sink can relax neighbouring nuclei located at a maximum distances of about 20
nm and 2 nm, respectively. Still considering these approximate values, if more than one
T1 or T1ρ values are measured, it means that heterogeneities of average sizes larger than,
respectively, 20 nm and 2 nm, exist.
It is important to remark that, being a process involving |α〉 ↔ |β〉 transitions, the spin-
spin relaxation time, T2, is not affected by the spin diffusion; moreover, spin diffusion
has a negligible effect on the relaxation of dilute spin systems; therefore the intrinsic, site
specific, T1 and T1ρ values for dilute spins can be measured.
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Chapter 2
A solid-state NMR approach to
the study of organic-inorganic
multicomponent materials
In one sense, the title of this chapter contains the two essential elements which constitute
the aims and the contents of the thesis, that is the organic-inorganic multicomponent
materials and, especially, the set-up and the application of a suitable combination of solid-
state NMR techniques, aimed at the obtainment of a characterization, at a molecular level,
of this category of systems.
The chapter is consequently organized in two parts: the first one is dedicated to a brief
presentation of the systems which can be included in the general definition of organic-
inorganic multicomponent materials, particularly referring to categories of systems studied
in the thesis, while the more extensive second part contains the description of the solid-
state NMR approach employed in their investigation.
2.1 Organic-inorganic multicomponent materials: common
features and wide variety
Organic-inorganic multicomponent materials is not a codified definition indicating a par-
ticular category of materials; on the contrary, it is a general expression which can include
very different materials, in principle every system in which an organic component coexists
with an inorganic one. If no restrictions are imposed on the definition of “components”,
these systems can range, in principle, from organo-metallic compounds, in which the or-
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ganic and inorganic “components” are chemically bonded within the same molecule, to
all those systems, commonly referred to as composite or multicomponent materials, which
are obtained by modifying, chemically or just through a proper micro- or nano-dispersion,
a starting polymeric matrix with “something” which can improve the performances of the
final material.
Leaving out the organo-metallic compounds, which actually constitute an important and
completely independent chemical category, whose study is not included in this thesis, here
and in the following, by “organic-inorganic multicomponent materials” I will mean differ-
ent kinds of systems in which one or more organic and inorganic components coexist and
give rise to recognizable separated domains, whose size is larger than molecular.
In all these systems the properties of each single component are affected by the presence
of the others, and, most important, their combination is essential to the obtainment of
a final “composite” material with new and improved properties. In all these materials,
the interfaces between the components, where the most important interactions take place,
play a crucial role in determining the final properties.
Beside these important common features, very different systems can be included in this
category; indeed, many “variables” can be singled out, some of the most important being:
the chemical nature of the organic and inorganic components, the kind of interface existing
among them, the absolute and relative dimensions of their domains, and, correspondingly,
the final purpose for which the material is designed.
The common features as well as the wide variety of these materials can be exemplified
even just citing the categories to which some of the systems studied in the thesis belong.
The stationary phases employed in HPLC (High Performances Liquid Chromatogra-
phy) can be considered an example of organic-inorganic multicomponent material: they
are usually constituted by porous spheroidal particles of silica (sometimes also titania or
zirconia) with a diameter ranging from about 3.5 to 10 µm, coated by a thin layer (often
a monolayer) of an organic compound, which is the actual chromatographic selector and
is usually identified with the stationary phase itself; for most of the applications, the or-
ganic phase is chemically bonded to the inorganic support. The most employed organic
phases are constituted by organo-silanes, containing simple alkylic chains as well as much
more complex organic moieties and having a Si-X termination (with, often, X=Cl), able
to react with the silanol groups present on the silica surface, forming Si-O-Si bonds. A
very schematic picture of a stationary chromatographic phase is reported in Figure 2.1.
In these systems the organic and inorganic components form two well distinguishable
but strongly bonded “phases”, whose interface is made by chemical bonds; the inorganic
component mainly acts as packing material for the column and support for the organic
component, which, if a priority order can be established, can be considered the most active
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Figure 2.1: Schematic picture of a stationary phase for liquid chromatography.
part of the material. The NMR study of a stationary phase employed in enantioselective
HPLC is reported in Chapter 3.
A second example of organic-inorganic multicomponent material is provided by the
organically-modified layered silicates. Contained in natural clays, or obtained by syn-
thetic routes, layered silicates are constituted by inorganic platelets (or layers) made of
one sheet of aluminum or magnesium cations in octahedral coordination with oxygen an-
ions and hydroxyl groups and two outer tetrahedral silica sheets (Figure 2.2). Cation
isomorphic substitutions, as well as some cation vacancies, generate a partial negative
charge, which is usually balanced by the absorption of sodium ions on the platelets surface.
In water, these systems show a strong hydrophilic character: water molecules, hydrating
the sodium cations, diffuse and occupy the inter-platelets galleries. On the other hand,
this hydrophilic character can be quite easily converted in organophilic by exchanging
the sodium ions with organic cations, usually ammonium ones, having one or more long
aliphatic chains. At present, one of the main reason to change a silicate character from
hydrophilic to organophilic is to facilitate the preparation of micro- or nano-composites
with polymers, as described in the next paragraph. In Figure 2.2 a layered silicate with
intercalated organic cations is schematically depicted.
In this kind of systems the “main” component is the inorganic silicate, but the organic
part, constituted by the intercalated cations, strongly influences and modifies the prop-
erties of the silicate. The interaction between the two components is a ionic interaction,
whose strength is dependent on the particular silicate and cation considered.
The NMR study of a synthetic layered silicate, subject to different organic-modifications,
is the topic of Chapter 6.
A third, and last, example of a further different group of organic-inorganic multicom-
ponent materials is given by several kinds of filled polymers: this expression refers to all
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Figure 2.2: Schematic picture of a layered silicate with intercalated organic cations. The relative
dimensions are not in scale: the lateral dimension of a silicate platelet can range from 30 nm to
several µm, the thickness is usually about 1 nm and the interlayer distance is usually of the order
of few nm.
those composites prepared by variously “dispersing” a particulate compound (filler) into
a polymer matrix, practice which is known to sensitively improve several chemico-physical
and mechanical properties of the polymer (barrier toward gases, solvent and heat resis-
tance, stiffness, just citing some examples) [36].
Many variables exist also among these materials, as the size and the shape of the filler
particles (from micro- to nano-scale) as well as their chemical nature: commonly used
fillers are inorganic salts (calcium carbonate, CaCO3 being one of the most common), sil-
ica and layered silicates (described in the previous paragraph). It is important to remark
that often also the fillers themselves can be considered organic-inorganic multicomponent
materials: indeed it is a common practice to treat the fillers with organic modifiers, with
the aim of improving the compatibility, as well as the interfacial interactions, with the
polymer matrix; an example of this is provided by the cation exchange of layered silicates
described in the previous paragraph.
Due to the huge and continuously increasing variety of filled polymer systems existing, it is
not possible to generalize here the properties of these materials; on the other hand, it can
be said that in all of them the interactions, in particular those at the interface between the
organic phase (polymer) and the inorganic filler, often still not deeply understood, play
a key role in determining the properties of the final composite material. In Figure 2.3 a
sketch of a polymer matrix filled with spheroidal particles of a filler, is reported.
The NMR study of several inorganic fillers employed in the preparation of filler-polymer
composites, as well as the composites themselves, constitute a substantial part of the
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Figure 2.3: Sketch of a polymer matrix (represented by the long chains) in which a particulate
filler (small spheres) is dispersed.
thesis, corresponding to Chapters 4, 5, 6.
2.2 Organic-inorganic multicomponent materials and solid-
state NMR
The wide variety of the organic-inorganic multicomponent materials, exemplified in the
previous section, clearly determines a corresponding large variety of the micro- and macro-
scopic properties of these systems, and consequently, of the molecular aspects more im-
portant and significant to investigate.
Solid-state NMR spectroscopy is, in general, a very powerful, sometimes unparalleled, tool
to directly have access to information, at a molecular level, on solid systems, concerning
both their chemical structure and their dynamic properties; moreover, it can be applied
to almost all the solid systems, from the more crystalline to the completely amorphous
ones.
On the other hand, the possibility of obtaining such information is strictly dependent on
the presence, in the system, of nuclei, not only NMR active (with spin different from zero),
but also with a sufficiently good sensitivity; besides, it has to be noticed that solid-state
NMR is a bulk technique, that is it cannot provide information on spatially distinguished
parts of a sample, the response being a global information concerning the whole system.
The potentialities of the employment of solid-state NMR spectroscopy in studying
organic-inorganic multicomponent materials are clearly promising and attractive; in par-
ticular, it is important the possibility of obtaining information, at a molecular level, on
such complex systems, which can be very precious in understanding and then controlling
several of their properties, often macroscopically evident, but arising from still unclear
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microscopic mechanisms.
Considered the variety of the systems, such properties can be the most different, as well
as the corresponding microscopic/molecular aspects to investigate. Just to cite two ex-
tremely different examples: if for a stationary phase it can be important to understand the
selection mechanisms occurring in the chromatographic column, and this can be related to
the conformational properties of the selectors, for a polymer-filler composite, in order to
control and improve the mechanical properties of the material, it can be very important
to get some insights into the polymer-filler interactions.
On the other hand, from a microscopic point of view, as already said, all these systems
are composed by one or more organic and inorganic components and the interfaces among
them always play an important role.
Regarding both these important features, solid-state NMR provides many tools for study-
ing these materials, which can be grouped in two separated points:
• on one side there is the possibility of observing many different nuclei, from those
more characteristic of the organic components (13C, 1H, 31P,15N, ..), to those more
typical of the inorganic ones (29Si, 27Al, ...);
• on the other side, several different nuclear parameters can be investigated, each of
them providing a different kind of molecular information; just to cite two examples,
the isotropic chemical shifts, obtainable by high-resolution spectra, provide impor-
tant information on the chemical structure of the material, while by the measurement
and analysis of the relaxation times, molecular motions can be investigated; in be-
tween these two extremes, many high-resolution, so called, “selective” techniques
allow structural and dynamic information to be simultaneously obtained.
Each of the elements cited in these two points could constitute, by itself, an independent
research topic; in this sense, solid-state NMR is a continuously growing spectroscopy, in
which many efforts are devoted to the theoretical, as well as technological development
of new methodologies aimed to the obtainment of more and more detailed and refined
structural and dynamic molecular information. On the other hand, it has to be said that it
is extremely difficult, often impossible, to perform such detailed studies on complex “real”
systems, as the organic-inorganic multicomponent materials, that is complex systems in
which several components and/or phases coexist, which are not “simplified” by special
treatments, as selective isotopic enrichments.
Due to their noticeable present interest, solid-state NMR has being employed in the study
of organic-inorganic multicomponent materials: in the literature, beside deep studies,
actually still not common, concerning specific aspects of these systems, many quite limited
studies, often consisting in few standard high-resolution spectra, are present. Actually,
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papers reporting a quite complete, even if standard, solid-state NMR characterization are
still relatively few.
2.2.1 A possible approach
Therefore, the aim of this thesis has been the set-up and the application of a possible
methodological approach, consisting in a combination of a choice of consolidated NMR
techniques, applied to different nuclei, aimed at the obtainment of structural and dynamic
information on several examples of organic-inorganic multicomponent materials.
If, on one side, this approach does not include neither the measurement of quantitative
structural data nor the detailed study of the molecular motions, on the other side it aims at
the obtainment of a less detailed, but feasible, and comprehensive structural and dynamic
characterization of the whole materials, that is of the single components, as well as their
interfaces.
The basic idea is to exploit the “double” possibility provided by solid-state NMR, and
previously described (Section 2.2), consisting in investigating several nuclei as well as
different nuclear parameters. Actually, in presenting the employed approach, it results
more convenient to make a different partition, based on the kind of nuclei investigated,
which can be distinguished in protons (1H) and “heteronuclei” (X).
The remaining part of this chapter is dedicated to a description of the NMR “tools”
employed in the thesis, meaning by this, both the applied techniques, and the information
obtainable by the inspected nuclear properties. Such “tools” are described in a quite
general way, with the aim of providing a sort of reference for all the different experimental
cases; indeed, due to the variety of the systems investigated, the experimental approach
has been differently set-up and adjusted for each different case.
2.3 X nuclei observation
By the term “X nuclei” here I mean all the nuclei different from protons which can be
present in organic-inorganic multicomponent materials, with particular reference to those
investigated in this thesis.
A first important distinction has to be made between spin-12 and quadrupolar (spin>
1
2)
nuclei; as described in Chapter 1, for quadrupolar nuclei the most important correction to
the Zeeman Hamiltonian is provided by the quadrupolar interaction, even if, as the spin-12
nuclei, they are also subject to the chemical shift and dipolar interactions. This difference
implies a very different experimental approach to the study of these two classes of nuclei.
As far as quadrupolar nuclei are concerned, due to their abundance in the periodic table,
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they can be very important probes in investigating organic-inorganic multicomponent
materials, especially, but not only, their inorganic part: 27Al (I = 52 , natural abundance
100%) and 23Na (I = 32 , natural abundance 100%) are only two examples of quadrupolar
nuclei relatively easy to observe, which are extremely common, for example, in silicates
and, consequently, also in polymer-silicate composites.
In the work of thesis, I have not performed studies of quadrupolar nuclei on organic-
inorganic multicomponent materials, but the study carried out during the period spent
in the laboratory of Prof. Wasylishen (University of Alberta, Canada), and reported
in Chapter 8, consisting in the investigation of the properties of different hydrates of
lanthanum sulfate (La2(SO4)3) by means of 139La (I = 72 , natural abundance 99.91%)
solid-state NMR, is an indicative example of the information which can be obtained on
solid complex materials by studying quadrupolar nuclei.
As previously said, the observation of quadrupolar nuclei requires completely different
techniques with respect to the ones employed for spin-12 nuclei; far from providing a
comprehensive picture of the large world of solid-state NMR of quadrupolar nuclei, their
observation can be divided in two big categories, in dependence on the (powder) sample
“conditions”: when the sample is stationary, the quadrupolar powder pattern is observed
and the lineshape analysis allows the quadrupolar and, in certain conditions, chemical
shift parameters to be extracted; under magic-angle spinning, the central transition of
half-integer spin nuclei can be observed and the second-order quadrupolar contribution to
the lineshape analyzed; alternatively, by applying specific techniques, as DOR, DAS or
MQ-MAS, more ”isotropic-like” spectra can be obtained, particularly useful when multiple
sites of the same quadrupolar nucleus are present [4, 37].
Being the study reported in Chapter 8 the only one involving quadrupolar nuclei in this
thesis, the description of both the experiments and the analysis performed will be directly
given in Chapter 8, while, in the following, I will describe the experimental approach
employed in the thesis for the observation of spin-12 X nuclei.
The observation of X nuclei has been carried out only by means of high-resolution
techniques, that is by the combined application of the two “devices”, magic-angle spin-
ning (MAS) and high-power decoupling (DD), which, as described in Section 1.4, allow
the anisotropy of the nuclear interactions to be averaged out, and a ”liquid-like” spectrum
of a solid sample to be obtained.
By applying the techniques described in the following, both structural and dynamic molec-
ular information can be obtained. In particular, as better exemplified in the description of
the various techniques, structural information, concerning both the chemical and geomet-
rical structure of the systems, can be obtained by the observation of the isotropic chemical
shifts and by the employment of two-dimensional correlation techniques, while dynamic
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Figure 2.4: SPE pulse sequence, with 1H high-power decoupling.
information concerning either conformational properties or more general indications on
the mobility of the different molecular domains, can be extracted by the application of
suitable “selective” techniques.
2.3.1 Single Pulse Excitation (SPE)
This pulse sequence substantially coincides with the “simplest NMR experiment” described
in Subsection 1.1.3: indeed, it simply consists in a 90◦ excitation pulse on the nucleus to
observe, followed by the signal acquisition, during which high-power 1H decoupling is
usually applied. The scheme of the pulse sequence is reported in Figure 2.4.
Consisting in a direct excitation, the practical applicability of this technique strongly
depends on the sensitivity of the X nucleus to observe, which is determined both by the
natural isotopic abundance and by the population difference between the starting and the
final states of the transition, that is, for spin-12 nuclei, the |α〉 and |β〉 spin states.
The population difference is determined by the Boltzmann distribution (Equations 1.40–
1.41) and therefore, at a fixed temperature, by the sole Larmor frequency ω0 = γB0. It
is evident that the sensitivity is increased by working at higher magnetic field strengths
(B0)1, while, at fixed field, it is determined by the magnetogyric ratio of the nucleus to
observe (γ).
1Many technological efforts have being devoted to the construction of spectrometers working at higher
and higher magnetic field strength; indeed, the increase of sensitivity is not the only advantage obtainable
from the employment of higher magnetic fields; citing another important aspect, as seen in Subsection 1.2.3,
the second order quadrupolar effects decrease with increasing the Larmor frequency. At present, the highest
magnetic field strength employed for solid-state NMR is 21.1 T, corresponding to a 1H Larmor frequency
of 900 MHz: the spectrometer is a Bruker Avance II, located in the National Ultrahigh-field NMR Facility
for Solids, Ottawa (Canada).
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Isotope Natural Abundance Magnetogyric ratio Relative receptivitya
x [%] γ [107rad s−1 T−1] DP
1H 99.9885 26.7522128 1.000
13C 1.07 6.728284 1.70×10−4
29Si 4.6832 -5.3190 3.68×10−4
31P 100.0 10.8394 6.65×10−2
15N 0.368 -2.71261804 3.84×10−6
aNuclear receptivity relative to that of proton (see Subsection 2.3.1).
Table 2.1: Properties of the spin- 12 X nuclei investigated in the thesis [8].
A quantity directly related to the NMR signal intensity of a certain nucleus, in natural
abundance, is the receptivity [8], defined as:
receptivity = γ3xI(I + 1) (2.1)
where x is the natural abundance, expressed as a mole fraction in %.
The nuclear receptivities are usually reported as relative to those of 1H and 13C. The rel-
ative receptivities for the X nuclei observed in the thesis, with respect to that of proton,
are reported in Table 2.1.
Due to the low receptivities of several X nuclei, SPE spectra can require a long time
to be collected; on the other hand they allow quantitative information on the systems
investigated to be obtained: as in solution NMR, provided that a sufficiently long recycle
delay is employed between two consecutive scans (D1 in Figure 2.4), that is long enough
to allow the longitudinal magnetization to completely relax back to the equilibrium value,
the ratios among the peak areas reflect the ratios among the amounts of the respective
nuclear sites.
As previously explained (Subsection 1.5.1), the recover of the longitudinal magnetization
is governed by the spin-lattice relaxation time T1: even if it is not possible to make gen-
eral considerations on the relaxation times of X nuclei, it is clear that long T1’s mean
longer times for a quantitative SPE spectrum to be collected. Nevertheless, the acquisi-
tion of quantitative X spectra is sometimes very important, especially in elucidating the
result of a certain chemical treatment or reaction. A clear example of this can be found
in the studies of the three different organically modified fillers, reported in Chapters 4, 5, 6.
Beside this first utility, the SPE pulse sequence can be employed also as a “mobility-
selective” technique; by this non rigorous expression I mean the partial selection which
is possible to realize by means of this and the following techniques among signals arising
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from nuclei placed in environments with different degrees of molecular mobility.
Indeed, I have already shown (Subsection 1.5.2) that spin-lattice relaxation times are
very sensitive to molecular dynamics in the MHz regime. With reference to the BPP
curves shown in Figure 1.22, it is possible to say that, in solids, molecular motions are
usually in the slow-motion side of the BPP curve (i.e. they decrease by decreasing the
correlation time of the motion) or, at most, in the intermediate regime (in proximity of
the T1 minimum). Therefore, in spite of the non monotonic trend of T1 with correlation
time, the statement that in solids rigid environments are characterized by much longer
T1’s than mobile environments, has a quite general validity.
Therefore, coming back now to the SPE technique, the employment of suitably short
recycle delays can lead to the suppression, by saturation2, of the signals arising from
nuclei in more rigid environments. In this sense, for each nuclear site giving rise to a
signal, the information on its chemical environment provided by the chemical shift can be
combined with an indication on the dynamics of the environment itself.
Only in the case of 13C, for the acquisition of the direct excitation spectra reported
in this thesis, instead of the SPE the depth pulse sequence [38] has been employed, which
allows the probe and rotor background signal to be suppressed.
2.3.2 Delayed Cross Polarization (Delayed-CP)
This pulse sequence [39] is a simple modification of the basic CP pulse sequence, already
described in Subsection 1.4.3: a time delay τ is inserted between the 1H (90◦)x pulse
and the contact pulse (Figure 2.5). During the delay, the transverse (T2) relaxation of the
protons magnetization occurs, therefore, when the spin-lock field is applied, only a residual
part of it can give rise to cross-polarization; in particular the magnetization contribution
arising from the protons with shorter T2 will be more decreased, or completely suppressed.
Considering that the proton T2 is expected to monotonically decrease with the decrease
of the molecular mobility (Subsection 1.5.2), by a suitable choice of the delay (τ) it is
possible to selectively suppress the signals of the X nuclei more strongly dipolarly coupled
with protons in rigid environments.
2.3.3 FSLG-HETCOR
As in solution NMR, the acronym HETCOR refers to an heteronuclear correlation two-
dimensional experiment. The rigorous description of two-dimensional NMR experiments
2If the longitudinal magnetization is not allowed to recover, the difference between the |α〉 and |β〉
states is zero, and the 90◦ rf pulse does not produce any signal.
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Figure 2.5: Delayed CP pulse sequence.
Figure 2.6: General pulse sequence for a two-dimensional NMR experiment.
would require to have recourse to the density matrix formalism, but, in this context,
I just would like to give a “qualitative” explanation of the basic idea of a generic two-
dimensional NMR experiment, and then show which kinds of information can be extracted,
in particular, by the FSLG-HETCOR experiment performed in the work of this thesis.
Even if a large multiplicity of two-dimensional, homo- as well as heteronuclear, exper-
iments exists, a general scheme, valid for even the most complicated pulse sequences, can
be drawn, and it is reported in Figure 2.6.
First of all a so called preparation pulse or, in general, pulse sequence is applied, in order
to perturb the initial equilibrium state by creating a transverse magnetization; then, in
the time period t1 the magnetization is allowed to evolve under the effect of certain nuclear
interactions, selected by means of suitable “tools” (usually another pulse sequence). The
mixing or transfer pulse sequence is aimed to transform the evolved magnetization in an
observable magnetization, which again, under the effect of nuclear interactions, gives rises
to the time evolution in t2, which is the usual acquired FID. If the same experiment is
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Figure 2.7: FSLG-HETCOR pulse sequence.
performed for different values of the time period t1 (which is usually increased by a fixed
increment), in principle, a double time-modulation of the magnetization can be observed:
at each value of t1 the acquired FID is the result of the magnetization evolution in t2,
while, fixing a point in the FID and looking at the signals array as a function of the t1
value, the magnetization time modulation, arising from the interactions selected to act
in the t1 period of each experiment, can be observed. By performing a double Fourier
transform, a two-dimensional spectrum is obtained, in which the two frequency axes cor-
respond to the two time dimensions t1 and t2 (in practice, the first dimension is usually
relative to t2, the second to t1). If the interactions acting in the t1 and t2 periods are
suitably chosen, important structural and/or dynamic information can be obtained by the
observation of the so called cross peaks, that is the signals appearing at certain couples of
frequency values (ν1 and ν2).
In Figure 2.7 the pulse sequence of the Frequency Switched Lee-Goldburg Heteronuclear
Correlation (FSLG-HETCOR) experiment [40], employed in the thesis, is reported.
As implicit in its name, this experiment involves two different nuclear species, in partic-
ular protons and X (diluite spin) nuclei. The general two-dimensional experiment pulse
sequence reported in Figure 2.6 has therefore to be split on a double H-X channel (Fig-
ure 2.7).
The preparation pulse is a (90◦)x pulse on the 1H channel; the transverse proton mag-
netization created is then allowed to evolve in the t1 period, in presence of the FSLG
multiple pulse decoupling sequence [41–43] which removes the homonuclear 1H-1H dipolar
couplings, letting therefore the magnetization to evolve only under the effect of the chem-
ical shift interaction.
The mixing pulse sequence is then a normal CP contact pulse, during which the proton
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magnetization is transferred to the X spins, through the heteronuclear dipolar interaction;
finally, in the time period t2, the X signal is acquired under 1H high-power decoupling
conditions.
Therefore, during t1 and t2, the time modulation of the 1H and X magnetizations, due to
their respective chemical shift interactions, is registered.
The result of the double Fourier transform is a two-dimensional spectrum in which cross-
peaks arising from dipolarly coupled 1H-X spin pairs are observed; on the first and second
dimension the 1H and X chemical shift values can be read, so allowing the cross-peaks, or
equivalently, the 1H-X pairs to be assigned.
The intensity of the cross-peaks is directly related to the strength of the heteronuclear
dipolar couplings involved, which in turns, as already said in describing the CP pulse se-
quence (Subsection 1.4.3), depends on both structural and dynamic factors: on one side,
the dipolar coupling constant d (Equation 1.66) is inversely proportional to the cube of
the internuclear distance3, on the other hand, molecular motions can reduce, to a vari-
able extent, the dipolar couplings; the experiment results have to be therefore interpreted
keeping in mind the combination of these two possible factors. In practice, often the
observable cross-peaks are due to the spatially closest 1H and X nuclei, not subject to a
strong molecular mobility.
It is important to emphasize that in the HETCOR experiment in the solid state the
heteronuclear correlation is based on the dipolar interaction, differently from what hap-
pens in the HETCOR experiment in solution, where the correlation is due to the indirect
spin-spin J-couplings. Therefore, in the solid-state, the obtainable structural information
directly refers to the spatial arrangement of the molecule, rather than to the chemical
connectivities.
2.3.4 Some notes about the X nuclei investigated
In Table 2.1, some important data concerning the X nuclei investigated in the thesis have
been reported (for comparison also the proton data have been included).
As it can be easily seen, for all these X nuclei the relative receptivity with respect to
that of proton is less than one, being particularly low in the case of 15N; as already said,
1H-X cross-polarization provides a very useful way to overcome this problem, nevertheless,
even if sometimes very time-consuming, the obtainment of SPE spectra is feasible. In this
thesis, SPE spectra have been acquired, especially with the aim of obtaining quantitative
information, for all the X nuclei, except for 15N, whose very low receptivity is practically
prohibitive; on the contrary, 31P has a quite good receptivity, due to both a 100% natural
3The sensitivity of many 2D solid-state NMR experiments is usually for distances less than 10 A˚.
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Figure 2.8: Chemical structure of a T2 silicon site.
abundance and a quite high γ value: the obtainment of SPE spectra is therefore usually
straightforward. As far as the systems investigated in this thesis are concerned, spinning at
the MAS frequencies achievable on the employed spectrometer (maximum limit 25 kHz),
resulted to be sufficient to completely or mostly average out the X nuclei chemical shift
anisotropy and, due to the usually high proton density, the employment of high-power
decoupling has been almost always indispensable to the obtainment of high-resolution
spectra.
Conventional nomenclature for silicon structural elements
Due the importance of 29Si observation within the thesis, I report here the conventional
terminology by which silicon atoms in different structural units are usually indicated.
Due to the frequent occurrence of silicon-oxygen bonds in most of the inorganic as well
as organic compounds, this terminology aims at easily providing the number of Si-O and
Si-O-Si bonds involving the silicon of interest; a silicon atom bonded to one, two, three
or four oxygen atoms is therefore referred to as Mn, Dn, Tn, Qn, respectively, where the
subscript n is the number of the oxygen atoms further bonded to another silicon nucleus.
Since an oxygen atom already involved in a Si-O bond can form only another covalent
bond, it is clear that n can assume values in the range 0-1, 0-2, 0-3, 0-4 for an M, D, T, Q
silicon, respectively. As an example, in Figure 2.8 the structure of a T2 silicon is shown:
in all the systems investigated in this thesis and, however, in most of the cases, R is either
an organic group or an hydrogen.
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2.4 1H observation
The 1H nucleus has, with respect to many of the X nuclei described in the previous section,
much more favorable features which would make it to be an optimum probe for the NMR
investigation, especially of organic systems; it has a natural abundance of 99.99%, the
highest magnetogyric ratio among all the spin-12 nuclei (γ = 26.75 [10
7rad s−1 T−1],
Table 2.1) and extensive proton networks are present in all the organic systems, and in
many of inorganic ones; indeed, for all these reasons, the 1H observation is the easiest and
most routinary one in solution NMR.
On the other hand, in solid-state NMR an additional factor has to be considered, that is
the presence of the homonuclear dipolar interaction. Just the combination of the above
listed proton features with the homonuclear dipolar interaction introduces in the 1H solid-
state NMR observation a very high degree of complexity.
In many of the commonly investigated molecular systems, due to the high proton “density”,
a complex network of 1H-1H homonuclear dipolar couplings exists, many of them being
very strong (being d ∝ γ2Hr−3, Equation 1.66) and involving much more than two spins; it
is therefore easy to guess that a solid-state NMR 1H-spectrum of a static powder sample
often results as just a very broad and unresolvable signal.
Moreover, the homogeneous character of the homonuclear dipolar interaction among more
than two spins, makes the magic-angle spinning, which, combined with the high-power
decoupling allows X high-resolution spectra to be obtained, much less effective for the
proton observation. Indeed, as already said in Subsection 1.4.1, spinning frequencies
sufficiently high to greatly exceed the anisotropy of the 1H-1H dipolar interactions, as
it would be necessary to the aim of obtaining a liquid-like spectrum, are still often not
achievable on standard solid-state NMR spectrometers, while at intermediate spinning
frequencies only very broad spinning sidebands appear, but the isotropic signal component
is not resolved (Figure 1.17).
Many efforts have being devoted, since the beginning of solid-state NMR, to the the-
oretical and experimental development of methods which could allow the homonuclear
dipolar interactions to be removed, in order to obtain high-resolution 1H spectra, as well
as suitably reintroduced with the aim of extracting the important structural information
contained in them.
All these methods, which are complex pulse sequences, often referred to as multiple pulse
sequences (one of them, the FSLG, have been cited in Subsection 2.3.3), act on the spin
part of the anisotropy of the interaction, differently from the magic-angle spinning, which
intervenes on its spatial part.
Many of these methods have been developed for stationary conditions, which have the
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Figure 2.9: Single pulse sequence for the acquisition of 1H-MAS spectra.
disadvantage that the chemical shift anisotropy cannot be averaged out, and, due to many
complex interference effects, the extension to MAS experiments has always been very
troublesome. Only recently, theoretical approaches have been proposed to overcome these
problems which have lead to the successful application of effective pulse sequences at high
MAS frequencies [44,45].
On the other hand, such important developments, very powerful in the analysis of small
simple molecules, have been, so far, applicable with difficulty to systems with high de-
gree of complexity and “disorder”, as many materials of applicative interest, included the
organic-inorganic multicomponent materials here investigated. Therefore, in the work of
this thesis, as far as high-resolution proton spectra are concerned, I just had recourse to
the acquisition of standard 1H-MAS spectra, which are described in the next subsection;
on the other hand I employed some low resolution techniques, which are the topic of
Subsection 2.4.2.
2.4.1 1H-MAS
The 1H-MAS spectra reported in this thesis have been acquired with the simple single pulse
experiment already described for the X nuclei observation (Subsection 2.3.1); obviously,
in this case, the excitation (90◦)x pulse is applied on the 1H-channel and no decoupling is
employed (Figure 2.9).
Taking into account all the described complications due to the homogeneous character
of the homonuclear 1H-1H dipolar interaction, the 1H-MAS spectrum of a complex sys-
tem, as the ones here investigated, acquired at the achievable spinning frequencies (the
maximum limits being 7 kHz and 25 kHz on the two probeheads available on our Varian In-
finityPlus 400 spectrometer in Pisa, described in Appendix A) is, in general, expected to
be a superimposition of broad signals.
In complex systems like these, where a large amount of protons in different environments
are present and multiple domains, exhibiting different average molecular mobilities, exist,
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the motional effects are expected to be very important in determining the appearance of
the spectrum. Due to the averaging effect of the molecular motions, the dipolar couplings
involving protons located in sample fractions experiencing higher degree of molecular mo-
bility can be sensitively reduced with respect to those among protons in very rigid fractions;
this means that the signals static linewidth (∆ω) will be minor for protons in more mo-
bile environments than for protons in very rigid domains. Therefore, there could exist
sample fractions for which the condition ωR  ∆ω (Subsection 1.4.1) can be satisfied at
the achievable spinning frequencies (ωR), magic-angle spinning then resulting effective in
completely averaging out the 1H-1H dipolar couplings.
In practice, the MAS spectrum could be composed by a very broad unresolved component,
being the result of the contributions of the protons located in the most rigid environments,
on which the magic-angle spinning effect will be in general negligible, and narrower com-
ponents, due to protons in more mobile sample fractions, which, in the most favourable
cases, will show well resolved “liquid-like” isotropic signals.
Often the observed spectrum cannot be so sharply decomposed in just two components:
indeed, a distribution of motionally different domains usually exists; moreover, a static
proton signal, in addition to the strong homogeneous dipolar interaction contribution, can
be affected also by inhomogeneous interactions (chemical shift anisotropy and homonuclear
dipolar interactions between two isolated spins) on which the effect of MAS is intrinsically
different (Subsection 1.4.1).
Therefore a correct interpretation of a 1H-MAS spectrum can be very complicated, but
it can be sensitively facilitated by the combination with information obtainable by other
experiments, as X high-resolution and proton low-resolution experiments. A particularly
exemplifying case of this can be found in reference [46].
2.4.2 Low-resolution experiments
For proton solid-state NMR studies an alternative approach to the high-resolution experi-
ments is provided by the low-resolution or broad-line NMR techniques. Instead of working
in the frequency domain, the time-domain proton FID (Free Induction Decay) is directly
analyzed.
This quite old-fashioned approach results to be particularly useful in studying proton
relaxation processes, and therefore in investigating some important molecular dynamic
aspects of solid samples. Provided to renounce to the obtainment of any high-resolution
information, that is essentially to the possibility of distinguishing proton signals on the
basis of their isotropic chemical shift, these techniques allow the problems arising from
the homonuclear dipolar interaction to be completely by-passed.
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In the experiments employed in this thesis, and described in the following, the proton
FID is observed in on-resonance conditions, that is the irradiation frequency is suitably
calibrated to coincide with the resonance frequency of the protons. The oscillations of the
FID, which would arise from the differences in the resonance frequencies of protons with
different chemical shifts, are here negligible with respect to the linewidth because of the
very narrow proton isotropic chemical shifts dispersion. In these conditions, the proton
FID is essentially determined only by the homonuclear dipolar interactions and the data
analysis is facilitated, as explained in the following description of the single experiments.
Experimentally, the low-resolution experiments here reported have been performed on a
single-channel spectrometer (described in Appendix A), operating at a low magnetic field
strength (25 MHz as proton resonance frequency): the sensitivity is not a problem in
the proton observation and, moreover, the low magnetic field strength further reduces
the isotropic chemical shifts dispersion (which, contrary to the linewidth, does depend
on the magnetic field strength), making the on-resonance condition easier to be obtained
simultaneously for all the protons.
FID analysis
The decaying rate of the FID is regulated by the transverse relaxation time T2 (actually,
in a real sample, by a distribution of T2 values) which, in these conditions, is determined
by the homonuclear dipolar interaction.
In general, in solid samples, due to the strong dipolar interactions, the proton T2 can be
extremely short (few µs) and this gives rise to a practical problem in the FID acquisition:
indeed, in every NMR experiment, between the end of the rf pulse and the beginning
of the signal acquisition, a certain time interval, called dead-time and dependent on the
spectrometer, the nucleus observed and the experimental conditions, has to be waited, in
order to allow the spectrometer to recover from the overload caused by the rf pulse. Due
to the possibly very short 1H T2, in solid samples the FID can be mostly or completely
decayed before the acquisition is started, with consequent loss of important information.
This problem can be overcome by the employment of suitable echo pulse sequences4; differ-
ent echo pulse sequences have been developed, in dependence on the spin system observed,
but their basic concept is the same. The one used in this thesis is the solid-echo pulse
sequence [47], whose scheme is reported in Figure 2.10. After a first normal (90◦) pulse
and a subsequent time period τ (echo delay), a second (90◦) pulse, phase shifted by 90◦
4In the case of the high-resolution proton observation, described in Subsection 2.4.1, the employment
of a normal SPE pulse sequence is made possible by the better performances, that is shorter dead-time, of
the high-resolution spectrometer; however, the lost of the very first part of the FID cannot be ruled out,
and therefore, in general, the quantitativity of the spectra is not assured.
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Figure 2.10: Solid-echo pulse sequence.
with respect to the first one (for example a (90◦)y if the first pulse is a (90◦)x). It can be
shown, by means of a density matrix treatment [47] , that in these conditions an echo is
generated, which retains the shape of the FID and whose maximum amplitude, occurring
at time τ after the second (90◦) pulse, represents a reasonable approximation to the initial
amplitude of the FID.
In these conditions, it is possible to quantitatively analyze the FID in terms of analytical
functions, each of them representing a sample protons fraction characterized by a certain
T2 value.
In practice, through a normal fit procedure, the linear combination of suitable functions
which best reproduces the experimental FID is searched. Such combination can be ex-
pressed in the general form:
F (t) =
∑
i
wifi(t) (2.2)
where fi(t) are the analytical functions employed and wi their weight percentages (if F(t)
is normalized so that F(0)=100).
Beside eventual additional parameters, peculiar of the various functions employed, each
fi(t) is characterized by a certain T2 value, which is obtained, together with the weight
percentage wi, as result of the fit.
Due to the already explained close relationship between proton T2 and molecular mobil-
ity of the protons environment, by choosing the fi(t) among an ensemble of physically
meaningful functions, this analysis allows motionally distinct domains of a sample to be
singled out and characterized. A good reference for this kind of analysis can be found
in [48], where, in a successful application to the study of the crystallinity of Polyethylene,
an ensemble of employable meaningful functions is described, which then resulted to be
successfully applicable to the analysis of several complex heterogeneous systems [46,49,50].
The employed analytical functions can be divided in those more suitable to the descrip-
tion of rigid or mobile sample fractions, originally identified in polymeric systems above
Tg with crystalline and amorphous phases, respectively.
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Pake, Gaussian and Abragamian functions result to be meaningful in describing the
contributions to the FID arising from the more rigide domains.
The Pake function is the inverse Fourier transform of the analytical expression proposed
by Pake [51] for the signal lineshape of a dipolarly coupled system of two spin-12 , Gaussian-
broadened by the dipolar interaction with other neighbours. The analytical expression,
found by Look and co-workers [52] is:
P (t) =
√
pi
6
exp
[
−1
2
β2t2
]{
cosαt√
αt
C
[√
6αt
pi
]
+
sinαt√
αt
S
[√
6αt
pi
]}
(2.3)
where, C and S are the Fresnell functions, defined as integral equations, which can be
approximated to [53]:
C(x) =
1
2
+ f(x) sin
[pi
2
x2
]
− g(x) cos
[pi
2
x2
]
(2.4)
S(x) =
1
2
− f(x) cos
[pi
2
x2
]
− g(x) sin
[pi
2
x2
]
(2.5)
with
f(x) =
1 + 0.926x
2 + 1.792x+ 3.104x2
(2.6)
g(x) =
1
2 + 4.142x+ 3.492x2 + 6.670x3
(2.7)
α is a parameter related to the internuclear distance (RHH) between the two dipolarly
coupled spins:
α =
3γ2h¯
4R3HH
(2.8)
while β is the width of the Gaussian broadening function, which takes into account the
dipolar interactions with the other protons.
In this expression does not explicitly appear the relaxation time T2, which can be con-
sidered to be implicitly contained in the combination of the α and β parameters. A
phenomenological T2 can be defined as the time at which the function intensity has been
decreased by a 1/e factor with respect to the value at t = 0; alternatively, taking into
account only the Gaussian broadening function, T2 can be defined as
√
2/β [54]; in this
thesis this second convention is employed.
When the β/α ratio exceeds an approximative value of 0.7 the two-spins character of the
function is overwhelmed by the Gaussian broadening, and, in the frequency domain, the
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spectral lineshape looses any doublet shape.
It is therefore quite straightforward that another function suitable to describe sample rigid
domains is the Gaussian function:
G(t) = exp
[
−
(
t
T2
)2]
(2.9)
At last, even if I never had recourse to it in this thesis, the so called Abragamian function
must be mentioned: it can be considered as an approximate expression of Equation 2.3,
which was first used by Abragam [29] as a phenomenological expression of the 19F FID of
CaF2, and then resulted to well reproduce the FID of other regular, crystalline lattices [55].
As far as the more mobile domains are concerned, three other functions can be em-
ployed: exponential, Weibullian and Breretonian functions. The last one, actually never
employed in the analyses reported in this thesis, is a quite complicated expression which
has been theoretically derived in order to describe the dynamic of a polymer chain gov-
erned by a single relaxation time [56]; it resulted to well reproduce the FID of amorphous
polymer phases, and Dadayli et al. [55] have empirically found that, even this increases
the number of parameters to be determined, the Brereton function can be approximated
by the sum of a Weibullian function and one or two exponential functions. The Weibullian
function is defined as:
W (t) = exp
[
−
(
t
T2
)n]
(2.10)
where the parameter n ranges from 1 to 2, and the function, correspondingly, from a
pure exponential to a pure Gaussian one. With respect to the exponential and Brereton
functions, the Weibullian one results therefore suitable to reproduce FID contributions
arising from domains with a character intermediate between very mobile and very rigid.
At last, it is important to notice that by combining FID analysis with 1H-MAS results
it is often possible to relate motionally distinct domains of a sample with its different
chemical components.
1H-T1 measurement by means of Inversion Recovery with solid-echo
In low-resolution experiments, by combining the solid-echo with classical pulse sequences
employed in high-resolution, it is possible to measure proton spin-lattice relaxation times,
both in the fixed and in the rotating frame (T1 and T1ρ).
As far as the T1 is concerned, the pulse sequence employed is the Inversion Recovery with
solid-echo, whose scheme is reported in Figure 2.11. The first (180◦)x rf pulse leads the
magnetization to be aligned with −z, which, from a quantum mechanical point of view
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Figure 2.11: Inversion Recovery with solid-echo pulse sequence.
means that the spin state populations are inverted; during the time delay D2 the spin-
lattice relaxation occurs, through which the magnetization tends to recover the initial
equilibrium value; the (90◦)x pulse, applied at the end of D2, flips the partially relaxed
magnetization into the xy plane, where, after the solid-echo, the signal is acquired.
Performing this experiment at various D2 values, the spin-lattice relaxation process can be
monitorized through the observation of the consequently variable signal intensity; there-
fore, fitting the trend of the signal intensity by means of a suitable analytical function, T1
can de determined.
As already said, in most of the cases, the limited proton chemical shift dispersion, allows
the FID to be observed in on-resonance condition; in such a way, the intensity of the
first point of the FID is a measure of the whole spectrum intensity; therefore, for each
D2 value, it will be not necessary to acquire the entire FID, but just the first part of it,
with a considerable reduction of the acquisition and processing times. On the other hand,
when, due to a large chemical shift dispersion of the signals, it is not possible to set the
on-resonance condition, the FID has to be Fourier transformed and the integral of the
different signals picked-up.
As already said in Section 1.5, by variable temperature T1 measurements, information
concerning molecular motions with characteristic frequencies of the order of the Larmor
frequency (MHz) can be obtained; on the other hand, reminding the strong influence of the
spin diffusion on the proton spin lattice relaxation times, the simple T1 measurement at a
fixed temperature can provide indications about the degree of heterogeneity of the sample
investigated: in particular the detection of more than one value of T1 is indicative of the
presence, in the sample, of heterogeneous domains with average linear sizes exceeding the
order of few hundreds of A˚.
1H-T1ρ measurement by means of variable spin-lock time with solid-echo
As explained in Subsection 1.5.1, the spin-lattice relaxation time in the rotating frame
T1ρ expresses the decaying rate to an equilibrium value (often negligible) of the transverse
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Figure 2.12: Variable spin-lock time with solid-echo pulse sequence.
magnetization under the effect of a spin-lock field.
The pulse sequence here employed for the measurement of the proton T1ρ is shown in
Figure 2.12. After the first (90◦)x pulse, a spin-lock pulse along −y is applied for a D2
time interval, during which the magnetization is decreased by the spin-lattice relaxation
process in the rotating frame; the subsequent solid-echo allows the signal to be acquired.
By performing the same experiment at different D2 values, from the trend of the signal
intensity vs D2, the spin-lattice relaxation process in the rotating frame can be followed
and the T1ρ value determined. As already said for the T1 measurement, in on-resonance
condition, the spectral intensity can be taken by the intensity of the first point of the FID.
As described in Section 1.5, measurements of the spin-lattice relaxation time in the rotating
frame at variable temperature allow information on molecular motions of characteristic
frequencies of the order of the spin-lock field to be obtained (kHz regime); similarly to
what already said for the proton T1, even a single T1ρ measurement, at fixed temperature,
provides useful information concerning the degree of heterogeneity of the sample under
investigation. While it is very common to measure a unique average value of proton T1,
due to the smaller T1ρ values, and the consequently smaller spatial scale on which the spin-
diffusion is let to proceed for the spin-lattice relaxation in the rotating frame, it is not
unusual to measure more than one averaged T1ρ values. A useful quantity, independent of
spin diffusion, which represents the power available for the T1ρ relaxation over the whole
spins system, is the Population Weighted Rate Average, defined as:
PWRA =
∑
i
wi
T i1ρ∑
iwi
(2.11)
where T i1ρ refers to the i-th T1ρ component, with weight percentage wi [57].
An experiment for correlating T1ρ and FID components
If on side, as previously seen, the FID analysis allows motionally distinct domains of a
sample to be singled out and characterized, in the common case in which more than a
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single T1ρ value is detected, their interpretation is not straightforward. Indeed, due to
the averaging effect exerted by spin diffusion, it is not possible to establish a direct cor-
respondence among the different FID and T1ρ components (whose number often exceeds
the number of FID components). Nevertheless it has been demonstrated that a generic
T1ρ component can be correlated to a different extent with different FID components;
therefore, the possibility of quantifying the correlations among FID and T1ρ components
could provide useful information on the molecular dynamics, in the kHz regime, of the
motionally distinct domains highlighted by the FID analysis.
A method to establish and quantify such correlations has been proposed and first applied
to the dynamic characterization of Polypropylene [58], and more recently extended, in our
group, to the investigation of different complex heterogeneous systems, as flours [49], block
copolymers [59] and cocoons silk [50].
From the experimental point of view, a normal FID analysis is performed, allowing the
different functions contributing to the FID to be singled out and characterized; then, a
T1ρ measurement is performed, by means of the variable spin-lock time with solid-echo
pulse sequence previously described, with the care of acquiring, for each spin-lock time,
the entire FID; the data are then suitably analyzed in order to obtain the T1ρ values for
the systems. Once that the different FID and T1ρ components have been found, all the
FIDs, acquired at different values of spin-lock time, are analyzed using the same functions
found from the FID analysis, allowing their populations to freely vary. At last, the trend
of each FID function population vs the spin-lock time is fitted with the T1ρ components
determined from the T1ρ measurement, again allowing the populations to freely vary.
The results of this “two-dimensional” data analysis can be ordered in a p matrix, whose
generic pij element is the population of the i−th T1ρ component in the j−th FID compo-
nent, expressed in arbitrary units. A corresponding normalized matrix a is then defined,
so that:
aij =
pij∑
rs prs
× 100 (2.12)
aij represents the percentage of proton nuclei in the sample with T1ρ and T2 corresponding
to their i-th and j-th component, respectively (the sum over the i-th row of the a matrix
should correspond to the weight percentage of the i-th T1ρ component; in the same way,
the sum over the j-th a column should be approximatively equal to the weight percentage
of the j-th FID component).
The correlations among the i-th T1ρ and j-th FID components are quantified by the bij
coefficients, whose definition actually requires to previously express the maximum (aMij ),
minimum (amij ) and mean (aij)(that is corresponding to a homogeneous distribution of the
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correlation over all the components) values for each aij element.
aMij =
∑
s
ais if
∑
s
ais ≤
∑
r
arj
aMij =
∑
r
arj if
∑
s
ais ≥
∑
r
arj
amij =
∑
s
ais +
∑
r
arj − 100 if
∑
s
ais +
∑
r
arj ≥ 100
amij = 0 if
∑
s
ais +
∑
r
arj ≤ 100
aij =
∑
s ais
∑
r arj
100
(2.13)
Therefore a matrix b can be defined, so that:
bij =
aij − aij
aMij − aij
if aij ≥ aij
bij =
aij − aij
aij − amij
if aij ≤ aij
The limit values for bij are then 1 and -1: the first indicates a complete correlation
between the i-th T1ρ and j-th FID component, the second, on the contrary, indicates
anti-correlation. A bij value equal to zero means a mean correlation, while positive and
negative values correspond to over and under mean correlation, respectively.
At last, a third matrix, c can be defined, whose generic element is expressed as:
cij =
pij
T i1ρ
(2.14)
which represents the contribute of the {i, j}-th T1ρ-FID component couple to the T1ρ
PWRA (Equation 2.11) and it might be therefore useful to detect T1ρ relaxation sinks in
complex materials.
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Chapter 3
Study of two diastereoisomeric
chiral stationary phases for
enantioselective HPLC and of
their soluble models
Abstract
Although High Performances Liquid Chromatography (HPLC) on a chiral stationary phase
(CSP) is a successful and widely employed mean for the determination of the enantiomeric
composition of chiral compounds, the obtainment of a direct and accurate knowledge, at
a molecular level, of the mechanisms behind the enantiodiscrimination process is still
a challenge for scientists, essentially due to the difficulty in having direct access to the
complex chemico-physical environment occurring in the chromatographic column. In the
study here reported we tried to characterize through 13C and 1H solid-state NMR two
diastereoisomeric biselector chiral stationary phases (CSPs), in order to highlight possible
structural and/or dynamic differences among them, which could help in understanding
detected but unexplained differences in their chromatographic performances. The study
has concerned both the two CSPs and their soluble models, the latter providing an useful
support for the analysis of the more complex NMR results obtained for the CSPs. While
13C-CP/MAS spectra have given a basic characterization of all the samples, from which
differences between diastereoisomers could not been detected, 1H high- and low-resolution
experiments allowed interesting differences between the two CSPs to be highlighted, con-
cerning both the silanols present on the surface of the silica support, and the dynamics of
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the organic chains linking the organic selectors with the the silica surface itself.
3.1 Introduction
High Performances Liquid Chromatography (HPLC) on a chiral stationary phase (CSP) is
recognized to be one of the most powerful means for the determination of the enantiomeric
composition of chiral compounds [60]. The enantiodiscrimination process is realized thanks
to the establishment of different interactions between the stationary phase and the differ-
ent enantiomers of the eluted racemic mixture, with the consequent formation of transient
diastereoisomeric complexes exhibiting different retention times.
Many different CSPs have been developed and successfully used, based on cyclodex-
trines [61], cellulose derivatives [62], helical polymers [63], proteins [64] and low molecular
weight optical active compounds [65–68]. CSPs of this last category have also been re-
ferred to as independent CSPs, because each molecule of the optically active compound
linked to the inorganic support of the stationary phase, usually silica gel, is considered to
act independently; this facilitates both the understanding of the factors which govern the
enantiodiscrimination process [69] and, consequently, the design of new and more effective
CSPs [65,70]. The interactions establishing between the selectors and the racemic analytes
can be various, the most important being hydrogen-bonds, dipole-dipole interactions and
pi−pi interactions between electronically complementary aromatic moieties present on the
selector and the select.
Nevertheless, it has to be pointed out that a deep understanding of the molecular mech-
anisms which really determine the enantiodiscrimination processes is still very far from
being obtained. Indeed, beside the phenomenological observation of the chromatographic
results, several techniques have been employed in the investigation of the selector-analyte
interactions, as FT-IR, molecular-modeling, X-ray crystal structure analysis and NMR
spectroscopy ( [71] and references therein), but most of these studies have been performed
in solution state, that is by employing soluble analogues or precursors of the CSPs, sub-
stantially containing only the selector molecule. Behind these studies it is clearly present
the assumption that the inorganic support of the CSP, as well as the organic spacer or
tether which links the selector to the support, do not influence the selector-analyte interac-
tions. Actually, this is a strong assumption: indeed such interactions, in a chromatographic
column, take place in the interphase between the solid and the liquid phase and therefore
a proper investigation of the system should take into account both the solid structure of
the stationary phase and the solvated structure of the analyte.
To this regard, solid-state NMR and suspended-state HR/MAS (High Resolution Magic
Angle Spinning) NMR have been only recently applied, revealing themselves to be very
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powerful means in allowing chromatographic systems to be studied under conditions surely
closer to those actually occurring in a chromatographic column, with respect to a selector-
analyte solution.
Suspended-state HR/MAS allows a liquid-like spectral resolution to be obtained on solvent-
added semi-solid samples thanks to a special probe and rotor design [72]; in the HR/MAS
approach to the study of chromatographic systems, samples are prepared by suspending
the stationary phase in a solution of the analyte in the same solvent employed as mobile
phase in the chromatographic separations. Few promising HR/MAS studies have been re-
cently published, aimed at investigating the interactions between chiral stationary phases
and several analytes [71,73].
As far as solid-state NMR spectroscopy is concerned, its application is clearly dedicated
to the investigation of the stationary phases in the solid-state, that is leaving out the
presence of the mobile phase as well as of the analytes. Even if this clearly prevents
the experimental conditions of a chromatographic column to be reproduced, on the other
hand the employment of solid-state NMR techniques allows information concerning both
structural and dynamic properties of the stationary phases to be obtained, which can
be very important in understanding the chromatographic behaviour and, more in gen-
eral, the selection mechanisms, and which are complementary to those obtainable from
HR/MAS techniques. Solid-state NMR has been applied, even though not extensively,
in the structural and dynamic characterization of stationary phases employed in liquid
chromatography, allowing the investigation of both the bonded organic phase and the in-
organic substrate [74]. In particular, important results from solid-state NMR have been
obtained by Pursch et al. concerning the conformational properties of alkyl bonded phases
used in reversed-phase liquid chromatography: by means of 13C and 1H high-resolution
solid-state NMR techniques, applied to a wide variety of Cn stationary phases, they could
relate the conformational properties of the alkyl bonded phases with both the different
synthetic approaches employed and their chromatographic properties [75–79]. As far as
chiral stationary phases are concerned, very few solid-state NMR investigations have been
reported [71, 73, 80, 81]: 13C-CP/MAS spectra have been acquired and analyzed allow-
ing differences in the structural/conformational properties of CSPs between the solution
and the solid state [73], as well as in consequence of the incorporation of different mobile
phases [80], to be highlighted, while, by means of 29Si-CP/MAS experiments, information
on the chemical linkage between the organic phase and the silica gel support have been
obtained [71].
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Figure 3.1: Schematic picture of a biselector CSP.
3.2 Materials and aims
Due to the importance of enantioselective chromatography, many efforts have been de-
voted to design and prepare CSPs having high efficiency and, morevover, high versatility,
that is which can be successfully employed in the enantiodiscrimination of a wide class of
racemic compounds.
The CSPs object of the present study have been designed and prepared with the aim of
meeting this demand; they belong to the category of the biselector CSPs, where this term
indicates the coexistence in the same CSP of two dissimilar chiral auxiliares, known to act
as selectors toward different classes of racemic compounds. The basic idea is to link the
chiral auxiliares to each other by means of a tether, which must be short enough to pre-
vent folding, so allowing them to act independently; in such a way the CSP should result
effective in enantiodiscriminating a wide range of compounds, ideally the whole ensemble
of those individually resolved by the two chiral auxiliares.
The first results of this kind of approach were reported in 1996-1997 by Ching-Erh and
co-workers [82, 83] and by Iuliano et al. [84], from which it was immediately evident the
difficulty in obtaining biselector CSPs in which the two chiral selectors could really act
independently.
In spite of this, in 2001-2002 [85, 86] Iuliano et al. published the synthesis and chro-
matographic results of effective biselector CSPs, in which the first selector was a moi-
ety constituted by 1-(1-naphthyl)ethylamine-s-triazine (NEA) and the second was a 3,5-
dinitrobenzoyl aminoacid, linked to each other by means of a C2 spacer. In Figure 3.1
a schematic picture of these CSPs is reported (the inorganic support is silica gel). The
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Figure 3.2: CSPs and soluble models investigated in this study.
two selectors are known to separate different classes of racemic compounds, the first being
effective especially for pi acid and the second for pi basic compounds, respectively.
Despite the good chromatographic effectiveness exhibited by these CSPs, a not complete
independence of the two selectors was observed. Indeed, the use of these CSPs in the
HPLC separation of racemic compounds showed that the enatiodiscriminating capability
of the 1-(1-naphthyl)ethylamine-s-triazine moiety depended both on the nature and the
absolute configuration of the stereogenic centre of the other chiral moiety, and that the
enantioselectivity of the derivatised aminoacid depended on the absolute configuration of
the 1-(1-naphthyl)ethylamine [86]; the CSP affording the best chromatographic results,
both in terms of efficiency and versatility, resulted to be the S,S-diastereoisomer.
This difference in the enantiodiscrimination properties should suggest that some confor-
mational differences between the two diastereoisomeric biselector systems arose when they
were bonded to silica gel, the linkage making possible some interactions between the two
moieties or a different interaction with the silica gel, in passing from one diastereoisomer
to the other.
In order to gain some insights into this point, we decided to perform a solid-state NMR
study of a couple of diastereoisomeric biselector CSPs, as well as on their soluble models
(whose formulae are reported in Figure 3.2 and the synthesis has been reported in [87]),
the latter being of interest both because, being pure, that is not silica-bonded, they show a
major 13C-NMR sensitivity, and because their investigation can allow eventual structural
and dynamic changes occurring in passing from the pure solid compounds to the silica-
bonded stationary phases to be singled out.
With the aim of highlighting differences between the two diastereoisomeric models,
the two CSPs or between the soluble models and the corresponding CSPs, concerning
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either conformational properties or molecular dynamic behaviour, we applied both high-
resolution (13C-CP/MAS, 1H-MAS) and low-resolution (1H FID analysis) techniques. On
one side, in spite of the remarkable molecular complexity of the organic phase, and, con-
sequently, of the very poor spectral resolution achievable, a detailed assignment of 13C
spectra has been attempted to highlight possible conformational changes. On the other
side, 1H techniques were applied to get additional insights into the molecular dynamics of
the different systems investigated.
In the first and second part of the following section the results concerning the soluble
models and the chiral stationary phases are presented and discussed, respectively.
3.3 Results and discussion
3.3.1 Soluble models (M1 and M2)
13C-CP/MAS spectra
In Figure 3.3 the 13C-CP/MAS spectra of the two diastereoisomeric soluble models,
recorded at a MAS frequency of 5 kHz and 298 K, are shown. Simply comparing the
two spectra, their substantial similarity is immediately evident: no significant differences
are observable neither in the chemical shift of the signals nor in their linewidth. The
spectral resolution is not very good because of both an intrinsically large linewidth of the
signals and the presence of several spinning sidebands, that cannot be completely elim-
inated by increasing the spinning rate, due to the occurrence of a dramatic decrease of
the CP efficiency, as a consequence of the averaging of the dipolar interactions. Neverthe-
less the most important carbon signals of the molecule are recognizable and, combining
solid-state chemical shift values of common organic compounds and the solution state 13C
chemical shifts of the two models [87], a quite detailed assignment of the resolved 13C
resonances is possible.
Beginning from the low-frequency region of the spectrum, the first resolved signal is the
methyl resonance at 23.3 ppm. At 39.5 and 46.7 ppm the two distinguishable peaks can
be assigned to, respectively, the CH2NH and the *CH-naphthyl carbons. The signal at
54.8 ppm is reasonably due to both the CO*CHNH and the OCH3 carbons, while the
CH2OAr carbon resonates between 60 and 70 ppm. Considering the spectral region at
chemical shifts higher than 120 ppm, the sharp peak at 147.9 ppm can be assigned to the
two aromatic carbons directly bonded to the NO2 groups. A detailed correspondence be-
tween the other signals and the remaining carbons of the molecule is not possible, however
we can certainly attribute the sharp signal at 172.2 ppm and the shoulders at 160–170
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Figure 3.3: 13C-CP/MAS spectra of the two diastereoisomeric soluble models, (a) M1, (b) M2,
recorded at 298 K and 5 kHz MAS frequency. Asterisks denote spinning sidebands.
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Figure 3.4: Temperature trends of the linewidth of the 13C-CP/MAS methyl signal of the two
diastereoisomeric soluble models, M1 (blue), M2 (red), obtained by means of spectral deconvolu-
tion.
ppm to the carbonylic and triazinic carbons, while the remaining aromatic carbons of the
naphthyl, phenyl and dinitrobenzoyl rings give rise to the broad peak at 127.2 ppm and
contribute to the shoulder at about 135 ppm. The spinning sidebands have been identified
by comparison with the 13C-CP/MAS spectrum acquired at a 7 kHz MAS frequency (here
not shown).
With the aim of detecting possible molecular motions affecting 13C spectral features,
13C-CP/MAS spectra of the two samples have been recorded at different temperatures in
the range 298–373 K. The only significant spectral change, due to the increase of tempera-
ture, has been observed for the methyl resonance of the M2 model: the linewidth seems to
increase up to 343 K and then to decrease again from 343 to 373 K. The peak deconvolu-
tion of the spectral region from 8 to 50 ppm can give some quantitative information about
this apparent trend. A good fit, at all the experimental temperatures, can be obtained
using in the deconvolution a set of three peaks. In fact, the methyl signal (at 23.3 ppm) is
partially overlapped with a spinning sideband (at about 30 ppm) of the aromatic carbons
peak, and with a broad signal at about 15 ppm, which can be attributed to silicone traces,
not completely removed after the synthesis process. In the fitting procedure, the only
parameter showing a significant and regular change with temperature is the linewidth of
the methyl signal, increasing from 790 (298 K) to 1100 Hz (343 K), and then decreasing
to 890 Hz at 373 K (a plot of the observed trend is reported in Figure 3.4). Such an
effect is known to be indicative of the occurrence of an interference between a molecular
motion, involving in this case the methyl group of the M2 model, and either the magic
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angle spinning frequency (5 kHz) or the 1H decoupling radiofrequency field (45 kHz) [88].
Therefore this appears to be the only molecular motion showing a characteristic frequency
that can range from a few to tens of kHz. It is noticeable that a similar behaviour has not
been observed for the M1 model, for which the linewidth of the methyl signal, determined
using the same procedure, does not experience any physically meaningful change with
temperature (Figure 3.4).
1H-FID analysis
By applying the method described in Subsection 2.4.2, the 1H-FIDs of the two soluble
models were recorded and analyzed. The best FID analysis for both of them was obtained
using a linear combination of a Gaussian and an exponential function, which, as described
in Subsection 2.4.2, are usually associated to rigid and relatively mobile solid fractions,
respectively. The fit results, relative to the two samples, are reported in Table 3.1. In
both cases, the FID is almost completely reproduced by the Gaussian component, the
exponential function contributing only for a very small percentage (3–5%). This clearly
points out that almost all the protons are in a very rigid molecular environment, being
characterized by a Gaussian decay with a very short T2 relaxation time (about 20 µs). The
fraction of protons in a relatively mobile environment is too small for being associated to a
specific group in the molecules, and should rather be thought as arising from impurities or
local defects in the solid structure, as will be better clarified by the 1H-MAS experiments.
There are only little differences between the two diastereoisomers: M2 has a slightly
higher percentage of “mobile” protons, but spin-spin relaxation times shorter than M1.
The main difference between the two diastereoisomers seems to concern the T2 value of
the exponential component, quite shorter in M2. However, given the very low weight
percentage of the exponential component, this might arise from a remarkable error on this
fitting parameter, and therefore we cannot reliably assign to this difference a significant
molecular interpretation.
1H-MAS spectra
The 1H-MAS spectra of the two soluble models, reported in Figure 3.5, are substantially
coincident for the two diastereoisomers and do not appreciably change by changing the
MAS frequency between 3 and 20 kHz. They consist in a very broad and intense signal
(which, in the spectra shown, has been suppressed by removing the first 75 µs of FIDs
prior to Fourier transform), substantially unaffected by MAS, which has to be ascribed to
the rigid fraction of the sample, where the proton homonuclear dipolar couplings are too
large to be effectively averaged out by MAS and, superimposed to it, three sharp signals,
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Sample 1st component 2nd component 3rd component
f T2 [µs] wt% f T2 [µs] wt% f T2 [µs] wt%
M1 G 19.5± 0.1 96.7± 0.6 E 130± 16 3.3± 0.4
M2 G 18.8± 0.1 95.0± 0.8 E 68± 10 5.0± 0.4
CSP1 G 20.8± 0.2 66.5± 0.7 P 178± 10 21.6± 0.7 E 493± 8 11.9± 0.2
CSP2 G 21.3± 0.2 66.6± 0.6 G 68± 2 14.9± 0.6 E 297± 4 18.5± 0.1
Silica gel G 74± 1 38.9± 0.4 E 1916± 5 61.1± 0.1
Table 3.1: Best fit functions (f) and relative parameters obtained by 1H-FID analysis of the soluble
models, the stationary phases and the silica gel. For each function, Gaussian (G), exponential (E)
and Pake (P ), proton transverse relaxation time (T2) and weight percentage (wt%) are reported.
A value of 2.93 A˚ was found for the RHH parameter of the Pake component in the CSP1 sample.
The uncertainties on the reported values are the standard deviations for the individual best-fitting
parameters, as obtained from the fitting procedure.
two small at 1.4 and 1.8 ppm and one, more intense, at 0.5 ppm, can be observed and
ascribed to protons in the mobile fractions of the samples. The signal at 0.5 ppm can
be reasonably attributed to silicone traces, not completely removed after the synthesis.
The two small signals at 1.4 and 1.8 ppm could be due to other impurities or to some
protons of the molecule. In the latter case, the only protons compatible with the observed
chemical shifts would be the methyl ones. On the other hand, both the low intensity of
these peaks and the small weight of the exponential component of the proton FID are
compatible with the presence of only a very small fraction of mobile methyl groups, which
could be considered as local defects in the solid rigid structure.
3.3.2 Stationary phases (CSP1 and CSP2)
13C-CP/MAS spectra
In Figure 3.6 the 13C-CP/MAS spectra of the two diastereoisomeric CSPs (CSP1 and
CSP2), recorded at 298 K, are shown. As in the case of the soluble models, the spectra of
the two different diastereoisomers are substantially coincident.
With respect to the case of the soluble models, a great loss in sensitivity here occurs,
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Figure 3.5: 1H-MAS spectra of the two diastereoisomeric soluble models, (a) M1, (b) M2, recorded
at 298 K and 3 kHz MAS frequency. In the spectra shown, the first 75 µs of FIDs have been removed
by data processing, prior to Fourier transform.
making necessary to collect much more scans (see Subsection 3.5); this has to be ascribed
to the dispersion of the organic material on the surface of the silica gel matrix.
Owing to their substantial similarity, the 13C-CP/MAS NMR spectra of the two di-
astereoisomers can be described together. Despite the very heavy peak overlapping, the
assignment of the CSPs spectra could be performed by comparison with the more simple
13C-CP-MAS spectra of the soluble models, used as reference, and by chemical shift predic-
tion for carbon nuclei that are not present in the soluble models. The latter should give rise
to the resonances between 0 and 20 ppm, ascribable to carbons CH2CH2Si and CH2CH2Si,
contribute to the unresolved signals in the region 30–50 ppm (CH2S; CH2CH2NH-triazine;
CH2CH2NH-triazine), and overlap with the CO*CHNH signal at about 59 ppm (SiOCH3).
As far as the carbons already present in the soluble models are concerned, it is possible
to recognize the same resonances previously observed in the spectra of the models, with
chemical shifts differences minor than 1.5 ppm. The only exception is represented by the
CO*CHNH carbon, which seems to experience a remarkable shift with respect to the sol-
uble models (from 54.8 to 59.4 ppm in the stationary phases). This should be indicative
of a conformational change affecting this part of the molecule in both diastereoisomers,
passing from the soluble models to the corresponding stationary phases. The spectral
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Figure 3.6: 13C-CP/MAS spectra of the two diastereoisomeric CSPs: (a) CSP1, and (b) CSP2,
recorded at 298 K and 5 kHz MAS frequency. Asterisks denote spinning sidebands.
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resolution, in comparison with that of the spectra of the soluble models, is much worse in
the aliphatic region because of the presence of additional peaks due to the linking chain
with the silica surface, while it is slightly better in the high-frequency region above 100
ppm. In particular, it is possible to better distinguish the two signals at 171 and 166.5
ppm, ascribable to the carbonylic and triazinic carbons, as well as a signal at 135 ppm, ap-
pearing as a shoulder in the spectra of the models. The observed improvement in spectral
resolution has to be ascribed to a reduction in the signals linewidth passing from the sol-
uble models to the stationary phases, which in turn could be ascribed to a corresponding
increase in the molecular mobility. Indeed, a major degree of molecular mobility can de-
termine a certain averaging of the interactions anisotropy and, consequently, a narrowing
of the observed signals [89]. Moreover, it is reasonable that the molecules here investi-
gated could experience a higher motional freedom when they are dispersed on the silica
gel surface, than when they are packed in the solid structure of the soluble models. On
the other hand, differences in the anisotropic bulk magnetic susceptibility between models
and CSPs, possibly due to different degrees of aromatic stacking, could also explain the
observed experimental behaviour [90].
1H-FID analysis
The 1H-FIDs of the two stationary phases clearly result quite different both in comparison
with the 1H-FIDs of the two soluble models and between themselves. Quantitative infor-
mation can be obtained fitting the experimental FIDs, as already seen for the models.
In this case, a good fit of both the CSPs FIDs requires a combination of three func-
tions: a Gaussian function, which is needed to describe especially the first part of the FID
(T2≈ 20µs), an exponential, which better represents the “long” component of the decay,
and a third function, which is different for the two diastereoisomeric CSPs (Pake for CSP1
and Gaussian for CSP2), whose decay time is intermediate between the shortest and the
longest one. All the results, functions and respective weights and parameters, are reported
in Table 3.1.
The assignment of the three FID components can be attempted by comparison with the
FID analysis of the soluble models, previously discussed, and of the untreated silica gel
used in the preparation of the stationary phases, here described.
The silica FID is well reproduced by the combination of an exponential and a Gaussian
function (see Table 3.1). Following Bronnimann et al. [91], the faster decaying Gaussian
component, which is the less abundant, can be attributed to the silanol protons, present
on the silica surface, involved in hydrogen bonds between themselves and with the ph-
ysisorbed water, while the slowly decaying component can be due to water protons and
91
to interior isolated (not hydrogen bonded) silanols (these protons give rise to resolved
signals in the 1H-MAS spectrum, here not shown, from which it is possible to observe
that the amount of isolated silanol protons is almost negligible with respect to that of
water protons). The distinction between fast and slowly decaying protons is justified on
the basis of the strength of the dipolar interactions in which they are involved. In this
sense it seems reasonable that water protons and isolated silanols experience less strong
dipolar interactions than hydrogen bonded silanols do, because of, respectively, a higher
molecular mobility and the isolation from other protons.
Passing to the CSPs FID analysis, the fast-decaying Gaussian component is similar in
weight and T2 for the two diastereoisomeric CSPs: its T2 value is typical of rigid phases,
but slightly longer than the T2 found for the principal component of the soluble models.
By comparison with the FIDs of the soluble models and silica, it is reasonable to assign
this FID component to the organic fractions of the stationary phases which coincide with
the whole soluble models. The T2 values of this FID component indicate that the mobil-
ity of the organic fraction slightly increases on passing from soluble models to CSPs, as
already suggested by the reduced 13C linewidhts, and that this behaviour is substantially
the same for the two diastereoisomeric CSPs.
The remaining protons, arising from the linking chain between organic and inorganic
phases, the water molecules and the silica-surface silanols, are believed to contribute to
the two slow-decaying FID components. By comparison with the silica FID analysis, we
can suppose that silanols contribute to the “intermediate” component, and water protons
to the exponential one. On the other hand, the latter also contains a strong contribution
from the organic protons of the linking chain, as suggested by the presence, in 1H-MAS
spectra, of sharp peaks attributable to them (see in the following). The different weight
percentage of the exponential component between the two CSPs can be essentially ascribed
to a different water content, higher in the CSP2 diastereoisomer, as confirmed by 1H-MAS
experiments. The water molecules, passing from silica gel to the stationary phases, surely
experience a reduction in their mobility; this can be argued from the remarkable shortening
of the corresponding T2 values in passing from the silica gel (T2=1.9 ms) to the stationary
phases (T2=300-500µs). However, it is reasonable that the difference in the T2 values of
the exponential components between the two CSPs (T2 (CSP1)= 493 µs; T2 (CSP2)=297
µs) can be due not only to an eventually different mobility of the water molecules but also
to a different dynamic behaviour of the organic chain linking the organic moieties and the
silica gel. In this sense the linking chain protons would experience a remarkably higher
mobility in CSP1 than in CSP2.
The “intermediate” FID component constitutes the main difference between the two CSPs:
while in CSP2 this component can be fitted with a Gaussian function, in CSP1 a good
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fitting strictly requires the use of a Pake function. The Pake function formally is the
inverse Fourier transform of the analytical expression of the signal lineshape of a tightly
dipolarly coupled system of two spins, also interacting with other neighbouring protons
(Subsection 2.4.2). The presence of this function and its parameters values, as derived by
FID analysis, can be compatible with the already mentioned assignment of this compo-
nent to the silanol protons present on the silica gel surface. In this sense, the presence of
this function would indicate that for a surface silanol proton the main dipolar interaction
results to involve only another proton, which could be an adjacent silanol proton (geminal
or single) as well as a physisorbed water proton. The fitting value of RHH = 2.93 A˚ (RHH
being the Pake function parameter representing the internuclear distance between the two
dipolarly coupled protons) slightly larger than the proton-proton distance value of 2.3-2.7
A˚ reported for protons belonging to the same or to adjacent geminal silanols, could also
reasonably take into account dipolar couplings between adjacent single silanols, adjacent
geminal and single silanols, as well as couples of silanol and water protons [92,93].
On the other hand, as far as the CSP2 FID is concerned, this is well fitted by a Gaus-
sian function; therefore the peculiar presence in the FID of a dipolar interaction mainly
involving couples of protons, is not recognizable in this case.
While the experimental evidence of this difference between the two diastereoisomeric CSPs
is unambiguous, its physical interpretation is not straightforward.
We advance the hypothesis that this difference is ascribable to a different arrangement
of the organic moieties of the stationary phase with respect to the silica gel surface, oc-
curring in the two diastereoisomeric CSPs. In particular in CSP2 the organic moieties
could be arranged so to be much closer to the silica surface than in CSP1. In fact, in
this hypothesis, it would be reasonable that surface silanol protons experience significant
dipolar interactions not only with the nearest silanol or water proton but also with the
protons of the organic moieties, giving rise to a Gaussian FID component instead of a
Pake one.
In this view also the minor mobility found for the linking chain of CSP2 with respect to
CSP1 could be interpreted as an indication of a more hindered situation experienced by
the chain in CSP2, compatible with the hypothesized closeness of the organic moieties to
the silica gel surface.
1H-MAS spectra
As explained in Subsection 2.4.1, 1H-MAS spectra can give useful information about the
chemical nature of the 1H nuclei present in the more mobile molecular environments, con-
tributing to the slow-decaying FID components.
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In the 1H-MAS spectra of both CSPs a considerable contribution is present coming from
protons in rigid environments, which give rise to a broad signal, only partially resolved in
a sharper component centred at about 8 ppm and in first-order sidebands, that changes
their shape with the MAS frequency, due to the mixed homogeneous and inhomogeneous
character of the homonuclear dipolar interaction. This signal reasonably corresponds to
the fast-decaying Gaussian component of the FID, i.e. to protons belonging to that part
of the organic fraction arising from the soluble models.
Despite their higher mobility, the hydrogen-bonded silanols should give rise to a broad
peak, which is in fact observable in the 1H-MAS spectrum of the untreated silica gel (here
not reported), due to a large distribution of isotropic chemical shifts [91]. In the 1H-MAS
spectra of the two CSPs, this signal cannot be resolved from the rest of the peaks.
In order to suppress the broadest line, thus better observing the sharpest signals in the
1H-MAS spectra, corresponding to the exponential FID component, and therefore to pro-
tons in the more mobile environments, we have processed the data by removing the first
100 points (i.e. the first 100 µs) of the FID prior the Fourier transform (Figure 3.7). In
the spectra of both the two CSPs, apart from the residual of the broader signal, centred
in the aromatic region, the more intense peak is at 4.7 ppm, ascribable to physisorbed
water: this signal, also present to a larger amount in the spectrum of the untreated silica
gel, is more intense in the spectrum of CSP2 than in that of CSP1, in agreement with
the minor weight percentage of the exponential component observed for the latter in the
1H-FID analysis. The remaining peaks, still remarkably superimposed, fall in the region
0.5–2.5 ppm, and must be ascribed to the protons of the linking chain on the basis of
their chemical shift values [94], even though, in analogy with what observed in the 1H-
MAS spectra of the soluble models, a small contribution from methyl protons cannot be
completely ruled out. It must be noticed that the sharp signals present in this region are
remarkably different, in both chemical shifts and linewidths, for the two diastereoisomeric
CSPs, thus suggesting a different conformational and/or dynamic behaviour of the short
chain linking the organic molecules to the silica gel surface.
This result is consistent with our interpretation of the experimental differences between
the 1H-FIDs of the two CSPs, since the different arrangement of the organic moieties with
respect to the silica gel surface between the two CSPs should be ascribed to the different
conformational and/or dynamic situation experienced by the linking chains, rather than
the organic moieties themselves.
Even if the hypothesis of a major proximity between the organic moieties and the silica
surface in CSP2 than in CSP1 cannot be unambiguously demonstrated by NMR results, it
could actually constitute a possible explanation of the different chromatographic behaviour
exhibited by the two diastereoisomeric CSPs and, in particular, of the worse enantiodis-
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Figure 3.7: 1H-MAS spectra of the two diastereoisomeric CSPs: (a) CSP1, and (b) CSP2, recorded
at 298 K and 20 kHz MAS frequency. Both the spectra have been processed by removing the first
100 µs prior to Fourier transform.
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crimination capability of CSP2 with respect to CSP1 [86].
It is in fact well known that the enantiodiscrimination exhibited by a CSP requires that
racemic substrates approach the less hindered side of the chiral selector in order to estab-
lish enantioselective interactions with its functional groups [69]. Therefore it is reasonable
that the hypothesized proximity between the chiral selector and the silica gel surface in
CSP2 could shield the less hindered side of the chiral selector, resulting in its observed
poorer enantioselectivity [86]. On the contrary, the organic chiral selectors in CSP1 would
be more separated from the silica gel surface, resulting to be more available for the estab-
lishment of the enantioselective interactions with the racemic substrates.
3.4 Conclusions
The employment of 13C-CP/MAS spectra, 1H-FID analysis and 1H-MAS spectra has al-
lowed us to characterize the two diastereoisomeric CSPs and their soluble models.
A slight increase in the molecular mobility has been found in passing from the soluble
models to the stationary phases, consistent with the dispersion of the organic material on
the silica gel surface.
The 13C-CP/MAS signals substantially exhibit coincident chemical shift values in all the
models and CSPs investigated, with the only exception of one stereogenic carbon, sug-
gesting the existence of some conformational differences in that carbon environment in
passing from models to CSPs.
As far as conformational differences between the two diastereoisomers are concerned, they
could not be revealed by 13C-CP/MAS spectra and therefore it seems that the different
chromatographic behaviour previously observed for the two CSPs cannot be ascribed to
different conformational properties of the organic moieties. On the contrary, interesting
differences between the two diastereoisomeric CSPs resulted to be evident in both their
1H-FIDs and 1H-MAS spectra, concerning both the surface silanols and the chains linking
the organic fraction of the phases to the silica gel surface.
On the basis of the NMR experimental data, we advanced the hypothesis that in the two
diastereoisomeric phases the organic moieties, coincident with the soluble models, are dif-
ferently arranged with respect to the silica gel surface, being much closer to it in CSP2
than in CSP1. This would be compatible with the worse enantioselectivity observed for
CSP2, where the closeness of the organic moieties to the silica surface would render the
chiral selectors scarcely available for the establishment of enantioselective interactions with
the racemic substrates, which are required for the enantiodiscrimination process.
96
3.5 Experimental
13C and 1H-MAS NMR spectra were recorded on the double-channel Varian InfinityPlus
400 spectrometer in Pisa, working at 399.89 MHz for proton and at 100.75 MHz for
carbon-13, equipped with either a 7.5 mm or a 3.2 mm CP-MAS probehead. 1H 90◦ pulse
lengths were 4.5 and 1.75 µs on 7.5 and 3.2 mm probeheads, respectively. 13C-CP/MAS
spectra were recorded for all samples on the 7.5 mm probehead under high-power proton-
decoupling conditions, at 298 K and two different spinning rates, 5 and 7 kHz. For the
soluble models a recycle delay of 5 s, a contact time of 1 ms and 4000 scans were used. A
recycle delay of 5 s, a contact time of 3 ms and 10000–24000 scans were instead used for
the stationary phases. For the soluble models 13C-CP/MAS spectra were also acquired in
the range of temperature 298–373 K, every 15.0 K. The 1H-MAS spectra of soluble models,
stationary phases and silica gel were acquired at 298 K, at MAS frequencies ranging from
3 to 20 kHz, with a dwell time of 1 µs, a recycle delay of 5 s and 16–64 scans. In all cases
the temperature was controlled to within ±0.1 K.
Low-resolution 1H experiments were carried out on the single-channel Varian XL-100 spec-
trometer in Pisa, interfaced with a Stelar DS-NMR acquisition system and equipped with
a 5 mm probehead. These measurements were performed on resonance on static samples
at a frequency of 25.00 MHz. Free induction decays were recorded using the solid-echo
pulse sequence with a recycle delay of 1 s, an echo delay of 12 µs, a dwell time of 1 µs
(soluble models and stationary phases) or 2 µs (silica gel), and acquiring 16384 points;
2000, 20000 and 5000 scans were accumulated for soluble models, stationary phases and
silica gel, respectively.
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Chapter 4
Study of the interactions between
a nano-sized inorganic filler and
its organic surface modifier
Abstract
Inorganic compounds, in form of micro- or nanosized particles, are extensively used as
fillers in the preparation of polymer/filler composite materials, due to improvements in
the chemico-physical and mechanical properties often observed in passing from the pristine
polymer to the composite material. Despite much still has to be understood concerning
the microscopical mechanisms from which the improvement in the macroscopical proper-
ties arises, it is clear that a crucial role is played by the interfacial filler-filler as well as
filler-polymer interactions. In order to suitably modulate such interactions, many different
filler treatments have been exploited, often consisting in organic modifications of the inor-
ganic particles surface. In spite of the extensive fillers employment, characterizations at a
molecular level of fillers and especially modified fillers are still relatively few. Nevertheless,
the knowledge of the structural and dynamic properties of fillers, and in particular of their
surface layers, could be very useful in understanding and thus controlling the filler-filler
and the filler-polymer interfacial interactions; in this field, the potentialities of solid-state
NMR surely appear important and promising.
In this chapter a solid-state NMR study of a doubly modified filler constituted by nanopar-
ticles of barium sulphate, subject to two subsequent surface treatments resulting in an
inorganic coating of silica and a further overlaying organic coating of stearic acid, is pre-
sented. Through the employment of 29Si and 13C high-resolution techniques and 1H high-
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and low-resolution experiments we characterized from a structural and dynamic point of
view the inorganic and organic surface coatings of the filler, also obtaining information on
their interactions, as well as on the water present in the nanoparticles.
4.1 Introduction
In the field of polymer science ad industry, it is well known and extensively exploited that
polymeric material performances can be strongly improved by a suitable dispersion of a
filler in the polymer matrix. Usually fillers are inorganic material particles, as silica or
inorganic salts, even if, actually, the first which has been extensively used and studied was
carbon black. The literature in the field of such particulate filled polymers, so referred to
in order to distinguish them from the fiber reinforced composites (prepared with carbon,
glass as well as natural fibers [36]) is huge, witnessing the extensive and continuously de-
veloping research aimed at the preparation of new better performing materials; recently,
Rothon, one of the experts of this field, edited a book in which many of the important
aspects concerning these materials are treated [95].
Citing only some of the most famous examples of polymer/filler composites, carbon black
has been extensively used in rubber manufacturing, due to the strong improvement in
rubber properties, as durability and resistance to tearing and abrasion, observed as a con-
sequence of the carbon-black adding [96, 97]. Beside carbon black, also silica has been
extensively employed as rubbers filler [98–102]: it has been observed to sensitively im-
prove rubbers processability as well as their wet grip and rolling resistance, these two
latter properties having catalyzed the research, in particular, in the field of car tyres
production. Calcium carbonate is another of the most important inorganic fillers, which
has been extensively employed, for example, in toughening Polyethylene [103–105] and
Polypropylene.
As highlighted by Puka´nsky in a recent review concerning the interfacial interactions in
multicomponent materials [36], despite the huge fillers employment, relatively little is still
known about the molecular mechanisms which determine the macroscopical properties
improvement; he points out the crucial role played by two different types of interactions:
particle-particle interactions, among the filler particles, and matrix-filler interactions. The
first ones are essentially attractive forces among the usually high surface energy inorganic
filler particles: they lead to filler particles aggregation, which in turn decreases the poten-
tial improvement of the material properties. On the other hand, matrix-filler interactions,
occurring at the filler-polymer interface, are the main responsible for the improvement of
the material properties, and, even if theoretical models have been developed [106], most of
the present knowledge has still a mainly phenomenological basis, arising from mechanical,
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morphological and structural properties characterization.
The size of the filler particles surely plays a very crucial role in determining the final com-
posite properties: on one side the decrease in the filler particles size is known to facilitate
unfavourable aggregation processes, on the other side it can lead to the obtainment of very
well performing materials. Indeed, the combination of the different species constituting a
composite at a nano-scale level, and in particular the consequent creation of a very large
interface among them, is considered to be the main responsible for the very good proper-
ties exhibited by nanocomposite materials, which, in general, include not only the above
cited particulate filled polymers, but also, for example, all those systems obtainable by
suitable dispersion of carbon nanotubes or nanofibers, as well as layered silicate particles
in a polymeric matrix [36].
The variety of the preparation methods of micro- and nano-sized composites is really huge,
nevertheless a factor which can be considered common to all of them is the importance of
a suitable filler surface modification, aimed at disfavouring the filler-filler attractive forces
and improving the filler-matrix useful interactions. This can be achieved by several differ-
ent methods: in the simple case in which the filler is just a particulate inorganic filler, the
most common surface treatment consists in an organic modification of the filler surface:
indeed, the surface of an inorganic filler, as silica or an inorganic salt, is usually polar and
hydrophilic, while most of the polymer matrices are characterized by a strong hydrophobic
character. Therefore, an organic-modification of the filler particles is expected not only
to decrease the filler aggregation but also to favour the filler dispersion in the polymer
matrix. Such modification is usually achieved by reaction with either organosilanes, in the
case of silica particles ( [102, 107] and references therein) or long chain fatty acids in the
case of calcite and other inorganic salts [36,95,108].
Despite the wide employment of such treatments, studies aimed at the characterization,
at a molecular level, of the modified fillers, and, in particular, of the organic film coating
the inorganic surface, are still relatively few. The knowledge of both the structural and
dynamic properties of the filler surface, would be instead a very useful first step in the
investigation of the polymer-filler interface, where, as already said, the very first origin of
the material properties improvement takes place. Papers have been published reporting
applications of IR spectroscopy, thermal analysis (DSC) and thermogravimetric measure-
ments (TGA) to the modified fillers characterization, in which quantitative information
have been obtained concerning the conformational properties of the organic coating as
well as and the coating degree. Solid-state NMR can be very useful in this kind of studies:
provided that suitable nuclear probes are contained in the filler, very detailed structural
and dynamic information can be obtained at a molecular level. Indeed, in the last few
years, solid-state NMR applications have been reported, especially concerning the charac-
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Figure 4.1: Schematic picture of a particle of the studied filler.
terization of silane-modified silicas: important structural information about the grafting
reaction of the organic modifier agent on the inorganic particles have been obtained, espe-
cially applying 29Si and 13C high-resolution techniques [107,109–114], while less common
has been the application of solid-state NMR for molecular dynamic investigations [115].
Structural and dynamic characterizations of organic coatings of inorganic fillers other than
silica are even fewer: Osman and Suter first applied 13C solid-state NMR to character-
ize calcite powders coated with several fatty acids, especially investigating the binding of
the acid molecules to the calcite surface and the conformational properties of the alkyl
chains [116].
4.2 Materials and aims
In this study we applied solid-state NMR to characterize a submicronic powder of bar-
ium sulphate (BaSO4), a filler commonly employed in the plastics industry, modified by
a double surface treatment consisting in an inorganic coating of silica and a further over-
laying organic coating of stearic acid (C17H35COOH); a model picture of a filler particle
is reported in Figure 4.1.
As only qualitatively shown in Figure 4.1, both the silica and stearic acid layers are ex-
pected to be thin surface coatings of the barium sulphate nanoparticles, but quantitative
data, as well as details on the samples preparation are not available, being covered by in-
dustrial secret (Solvay Barium and derivatives), the only information available concerning
the size of the particles, which are reported to be spheroids with an average diameter of
0.2-0.25 µm (samples and data concerning their composition have been provided by the
group of Prof. Lazzeri-Dipartimento di Ingegneria Chimica, Chimica Industriale e Scienza
dei Materiali, Universita` di Pisa, Italy).
Barium sulphate has been extensively employed, untreated as well as organically modified,
especially to increase Polypropylene stiffness [117–119], but solid-state NMR characteriza-
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tions of the filler have not been reported. The barium sulphate here investigated, before
the usual treatment with a fatty acid, aimed at decreasing the filler-filler interactions and
facilitate a subsequent dispersion in a polymer matrix, has been coated with a thin layer
of silica in order to increase the scarce reactivity of the barium sulphate surface toward
stearic acid (in particular by increasing the amount of surface silanol groups).
By the combined application of 29Si and 13C high-resolution and 1H high- and low-
resolution techniques, we wanted to characterize both the inorganic and the organic coat-
ings of the barium sulphate particles, pointing to obtain structural and dynamic informa-
tion on both the individual layers and their interface. In this sense, it resulted particularly
useful to perform the NMR study not only on the doubly modified filler (BA-IO) but also
on the barium sulphate powder coated only with silica (BA-I) and on the untreated bar-
ium sulphate powder (BA).
As in the previous chapter, the results and discussion are presented by observed nucleus:
in this case 29Si-NMR results particularly useful in obtaining information concerning the
silica layer which coats the barium sulphate particles, with and without the further overlay-
ing stearic acid coating; on the other hand, 13C observation allows structural and dynamic
information on the the stearic acid layer to be drawn and, at last, 1H, being contained
in the inorganic and organic coatings and, in form of adsorbed water, in the untreated
barium sulphate particles, is an useful probe for all the different filler components.
4.3 Results
4.3.1 29Si
Beginning from the investigation of the silica coating, high-resolution 29Si-NMR spectra
provide the most direct way to characterize the inorganic layer in terms of distribution of
different silicon sites; moreover, in this case, the comparison between the spectra of the
filler further treated (BA-IO) or not (BA-I) with stearic acid can allow us to single out
the effects induced by the organic surface agent on the silica layer.
The silica employed in the preparation of this fillers, as well as in all the systems in-
vestigated in this thesis, has to be intended as silica gel, i.e. that amorphous form of silica
which is in general obtained by precipitation from acidic solutions of sodium silicates.
The constitutive unit of silica gel is the well known SiO4 tetrahedron, in which the silicon
atom, situated in its geometrical centre, is surrounded by four oxygen atoms, which oc-
cupy the four tetrahedron vertices. Differently from the various crystalline forms of silica
(quartz and cristobalite citing two examples), in silica gel the SiO4 tetrahedra are joined
in a random fashion, resulting in a completely amporphous and porous structure, in which
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water, and other liquids, can be easily entrapped. Three kinds of silicon atoms, different
for chemical environment, are expected to be present in silica gel: silicons in SiO4 tetra-
hedra, in which all the oxygens are further bonded to other silicon atoms, single silanols,
SiO3(OH), in which one of the four tetrahedral oxygens is bonded to an hydrogen atom,
and geminal silanols SiO2(OH)2, in which two oxygens are bonded to hydrogens; having
recourse to the conventional nomenclature described in Subsection 2.3.4, these three kinds
of silicons are referred to as Q4, Q3 and Q2, respectively. Q4 sites are expected to be
the main constituents of the silica bulk, while Q3 and Q2 are usually located at the pores
surface, often forming hydrogen bonds with adsorbed water, even if isolated silanol groups
are always present also in the silica bulk.
From the NMR point of view, different Q sites can be easily distinguished on the basis
of their 29Si chemical shift; moreover the obtainment of high-resolution 29Si NMR spec-
tra, by employing magic-angle spinning and high-power proton decoupling is usually quite
straightforward, thanks to the quite good 29Si nuclear receptivity (see Table 2.1) and the
usually relatively small 29Si chemical shift anisotropy.
In this case, in order to characterize the silica coating of the barium sulphate nanopar-
ticles, with particular regard to the modifications induced on it by the presence of the
stearic acid layer, 29Si-SPE/MAS and 29Si-CP/MAS spectra were acquired, in the same
experimental conditions, on both samples BA-I and BA-IO.
In Figure 4.2 the 29Si-SPE/MAS spectra of both the samples, acquired with a recycle
delay long enough to ensure the quantitativity of the peak integrals, (Subsection 2.3.1)
are reported. The signal to noise ratio in these spectra is not very good, mainly because
of the very scarce silica amount present, as expected, in the barium sulphate powders.
Both the spectra show Q-type signals only: in particular, only Q4- (Si(OSi)4, peak res-
onating at -112 ppm) and Q3-type (Si(OSi)3OH or Si(OSi)3OR, peak resonating at -103
ppm) signals are detectable, with a relative integrals ratio of about 2.5:1. In both spectra
possible resonances ascribable to Q2 silicons (expected at about -94 ppm) are too small to
be unambiguously revealed and quantitatively estimated, and therefore this type of silicon
atoms might be present only in a very small percentage. Moreover, the spectra of the
two samples BA-I and BA-IO are substantially coincident, indicating that, by treating
the silica-coated barium sulphate nanoparticles with stearic acid, no remarkable chemical
transformations among different Q-types of silicon atoms take place. However, possible
chemical changes involving the same type of silicon atoms (for instance from Si(OSi)3OH
to Si(OSi)3OR, both Q3) cannot be ruled out, since 29Si chemical shifts are not sensitive
enough to reveal these modifications. In Figure 4.3 the 29Si-CP/MAS spectra of samples
BA-I and BA-IO are reported. With respect to the corresponding SPE/MAS spectra, an
inversion in the relative intensity ratio between Q4 and Q3 silicon signals is here observed,
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Figure 4.2: 29Si-SPE/MAS spectra of the silica-coated BaSO4 nanoparticles (sample BA-I, lower
trace), and of the sample also treated with stearic acid (sample BA-IO, upper trace), both recorded
at a MAS frequency of 5 kHz.
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Figure 4.3: 29Si-CP/MAS spectra of samples BA-I (lower trace) and BA-IO (upper trace), both
recorded at a MAS frequency of 5 kHz.
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the Q3 signal being now the most intense. This is expected, since Q3 silicons, located at
silica surface, are spatially closer, and therefore more strongly dipolarly coupled, to 1H
nuclei with respect to Q4 silicons, mostly present in the silica bulk; this means that Q3
silicons exploit a more efficient 1H→29Si magnetization transfer, giving rise to enhanced
CP signals.
The CP spectra of samples BA-I and BA-IO are very similar for what concerns the two
peaks arising from Q3 and Q4 silicons; in both spectra an additional signal, appearing as a
shoulder of the Q3 peak at about -94 ppm, is present, ascribable to Q2 silicon nuclei. These
silicon nuclei belong to geminal silanols (Si(OSi)2(OH)2), or to similar structures with one
or both the hydroxyl groups replaced by alkoxy groups [120]. Such silanols are reasonably
present in a very small percentage in both samples, as indicated by the undetectable Q2
signal in the corresponding SPE spectra; on the other hand, in the CP spectra their in-
tensity is significantly enhanced due to 1H-29Si dipolar interactions, as already discussed
for Q3 signals. It must be noticed that the Q2 signal is remarkably more intense in the
CP spectrum of the sample treated with stearic acid: this must be interpreted in terms
of intensity enhancement due to more efficient 1H→29Si polarization transfer, associated
with the presence of stearic acid protons in spatial proximity of Q2 silicons. The increased
polarization transfer efficiency, connected with the presence of the stearic acid, is a clear
indication of the occurrence of an interaction between stearic acid and silica coating, but
it does not seem to involve the Q4 and Q3 silicon signals, suggesting that Q2 silicons are
the sites preferentially interacting with stearic acid at the silica surface.
To get additional insights into this point, 29Si-Delayed CP/MAS spectra were acquired
for both samples. As explained in Subsection 2.3.2, in this pulse sequence, the delay
introduced between the 1H 90◦ pulse and the contact pulse allows the proton transverse
relaxation to freely proceed prior to 1H→29Si magnetization transfer. Therefore, by choos-
ing an appropriate delay duration, a proton T2–based selection can be operated among the
protons contributing to the CP process, obtaining spectra arising from the sole magneti-
zation of proton nuclei having longer spin-spin relaxation times, usually present in more
mobile molecular environments. We recorded spectra using a delay of 100 µs, which, on
average, can be considered long enough to eliminate the contribution to the 29Si-CP/MAS
spectra of protons belonging to very rigid fractions of the samples. In Figure 4.4 the 29Si-
Delayed CP/MAS spectrum of sample BA-I is shown, whilst the corresponding spectrum
recorded for sample BA-IO did not show any detectable signal, even after a very long
acquisition. Therefore, while in the untreated silica-coated nanoparticles a non negligible
amount of protons present in relatively mobile environments contributes to the CP process,
being dipolarly coupled to Q2, Q3 and Q4-type silicons, in the stearic acid treated sample
this contribute is totally absent. This can be explained with the stearic acid treatment
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Figure 4.4: 29Si-Delayed CP/MAS spectrum of sample BA-I recorded at a MAS frequency of 5
kHz and with a dephasing delay of 100 µs.
resulting in either the removal from the silica surface of all the protons in more mobile
environments (hydroxyl or water protons), or the strong reduction of their mobility. In
any case, it is clear that a complete “stiffening” of the proton environments at the silica
surface takes place, as a consequence of the stearic acid treatment.
At this point it results interesting to better characterize the protons behaviour in all the
samples: in the following the results of 1H-FID analyses and 1H-MAS spectra are shown
and discussed.
4.3.2 1H
Trying to clarify both the chemical nature and the dynamic environment of the proton
nuclei present in the samples, and in particular at the silica-stearic acid interface, 1H-MAS
spectra were recorded and 1H-FID analyses performed on samples BA, BA-I and BA-IO.
The results of all the FID analyses performed, following the approach described in Sub-
section 2.4.2 are reported in Table 4.1. In sample BA, consisting in untreated barium
sulphate nanoparticles, the only possible source of protons is in principle constituted by
water molecules adsorbed inside and on the surface of the barium sulphate nanoparticles;
the experimental 1H-FID results to be well fitted by a linear combination of a Gaussian
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Sample 1st component 2nd component 3rd component
f T2 [µs] wt% f T2 [µs] wt% f T2 [µs] wt%
BA G 51± 2 32± 1 E 2000± 9 68.2± 0.2
BA-I G 65± 2 33.9± 0.8 E 1580± 7 66.1± 0.2
BA-IO G 16.1± 0.3 59.7± 0.9 E 1873± 9 26.5± 0.1 G 97± 3 13.8± 0.5
Table 4.1: Results of the 1H-FID analysis performed on samples BA, BA-I and BA-IO. For each
function (f) proton transverse relaxation time (T2) and weight percentage (wt %) are reported. G
and E indicate Gaussian and exponential functions, respectively. The uncertainties on the reported
values are the standard deviations for the individual best-fitting parameters, as obtained from the
fitting procedure.
and an exponential function, characterized by T2 of 51 µs and 2.0 ms, respectively. Two
well motionally distinct domains are therefore recognized, corresponding to two kinds of
water molecules exhibiting very different dynamic behaviour: a quite rigid component,
well described by the Gaussian function and a more abundant mobile fraction, associated
with the exponential function.
The 1H-FID analysis of sample BA-I gives very similar results: the FID is again well
reproduced by a combination of a Gaussian function and an exponential one, and the re-
spective weight percentages and T2 values are similar to those found for sample BA. Only
a slight increase in the weight percentage and in the T2 value of the Gaussian component
is observed. Therefore, it can be deduced that the addition of silica as surface coating on
the barium sulphate nanoparticles does not dramatically change the motional distribution
of protons in the sample. Even though the amount of protons introduced with the silica
coating should be relatively small, at this stage it is not possible to discriminate between
these protons and those already present in the barium sulphate nanoparticles.
Passing to the sample containing also the stearic acid coating, the 1H-FID results to be
very different: as it can be observed in Table 4.1, the FID of sample BA-IO is well repro-
duced by a linear combination of two Gaussian functions and one exponential. The latter
is characterized by a T2 value very similar to that found for the exponential components of
samples BA and BA-I, while its weight percentage is considerably smaller (26.5% against
66-68%). As far as the Gaussian components are concerned, they are representative of two
distinct rigid sample fractions: the most populated (59.7%, T2= 16.1 µs), where motional
processes with characteristic frequencies faster than kHz can be considered substantially
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Figure 4.5: 1H-MAS spectra of: a) BA, b) BA-I, and c) BA-IO, recorded at a MAS frequency of
5 kHz. All the spectra have been processed by removing the first 50 µs of the FID prior to Fourier
transform.
absent, and another, involving 13.8% of protons in the sample, experiencing a restricted
mobility (T2= 97 µs). Even though it is very difficult to evaluate the percentage contribute
of the stearic acid to the whole proton content of the sample, it is possible to hypothesize
that most of the protons described by the short-T2 Gaussian component belong to stearic
acid and to water or silanols on the silica surface. Indeed, the information obtained from
the 29Si-Delayed CP/MAS experiment indicates that protons characterized by longer T2
values are not strongly dipolarly coupled to 29Si nuclei, and therefore are reasonably as-
cribable to protons spatially far from silica coating (for instance water in barium sulphate
nanoparticles or mobile stearic acid chains).
Useful information for a more detailed assignment of the 1H nuclei present in the more
mobile environments, i.e. contributing to the slow-decaying FID components, can be ob-
tained from the 1H-MAS spectra of the three samples, shown in Figure 4.5.
First of all, it must be pointed out that all the three spectra contain a broad component,
substantially unaffected by MAS, mostly due to protons in rigid environments, that, in
the spectra shown here, has been suppressed by removing the first 50µs of the FID prior to
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Fourier transform. As stated in Subsection 2.4.1, such a broad signal has to be acribed to
protons experiencing rigid molecular environments and strong homonuclear dipolar cou-
plings.
As far as the narrower resolvable signals are concerned, the 1H-MAS spectrum of sample
BA shows two very intense and sharp peaks at 5.6 and 4.7 ppm and one, broader and
weaker, centred at about 1.4 ppm. While the latter must be probably assigned to impuri-
ties present in the barium sulphate powder, the two intense peaks are both due to water
molecules, located either inside or on the surface of the nanoparticles, characterized by a
remarkable mobility.
Comparing this spectrum with those of samples BA-I and BA-IO, an assignment of the
two different water signals can be attempted. Indeed, the peak resonating at 5.6 ppm
remains substantially unchanged in all the three samples, while the signal at 4.7 ppm
considerably decreases passing from barium sulphate to the silica-coated powder and it
almost disappears in the stearic acid treated sample. Therefore, the peak at 5.6 ppm can
be safely assigned to water entrapped inside the barium sulphate nanoparticles, reason-
ably not affected by the various surface treatments. On the other hand, the signal at 4.7
ppm can originate from water physisorbed on the barium sulphate nanoparticles surface,
which, on the contrary, is strongly affected by silica and stearic acid treatments, that
partially remove this surface water and reduce its mobility. No signals arising from silica
protons can be recognized in the 1H-MAS spectra: their contribution is probably small
and distributed between the two motionally distinct domains highlighted by the 1H-FID
analysis. It is reasonable that silica protons in the more mobile environment give a contri-
bution to the 1H-MAS spectrum probably undistinguishable from the signal centred at 4.7
ppm, as expected for silanols located on the surface of non-dehydrated silica, involved in
hydrogen bonds with water molecules [87,91]. In the 1H-MAS spectrum of sample BA-IO,
a quite broad signal is also present at about 1.4 ppm, similar to that ascribed to impurities
in the spectrum of sample BA, that here is slightly more intense, reasonably because of
the additional contribution of the more mobile chains of the stearic acid molecules [121].
Therefore, the influence of stearic acid on the 1H-MAS spectrum is scarce, indicating that
most of its molecules are arranged in a quite rigid environment, in agreement with the
results obtained from 29Si-CP/MAS spectra and 1H-FID analysis.
4.3.3 13C
Sample BA-IO has been also investigated by means of 13C-NMR, with the aim of obtaining
information on chemical structure and conformational behaviour of the stearic acid coat-
ing. In Figure 4.6 the 13C-CP/MAS spectrum of sample BA-IO is shown. The aliphatic
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Figure 4.6: 13C-CP/MAS spectrum of sample BA-IO, recorded at a MAS frequency of 7 kHz.
The stearic acid formula is also reported, with the carbons numbering used in the text.
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region of the 13C-CP/MAS spectrum is dominated by an intense and quite broad peak,
centred at 33.7 ppm: such a chemical shift value is typical of methylene carbons of alkyl
chains arranged in rigid all-trans conformation (as first pointed out by Earl and Vander-
Hart [122] from the Polyethylene 13C solid-state NMR spectrum, in which the polymer
crystalline fractions give rise to a signal at 33 ppm; in solid linear alkanes this chemical
shift value has been found to vary in the range 34.2-32.8 ppm [123]). The strong intensity
of this signal therefore indicates that the majority of the stearic acid chains methylenes
are in the all-trans conformation. The shoulder occurring at about 24 ppm arises from
C3 and C17 carbons (where, as shown in Figure 4.6 the stearic acid carbon nuclei are
consecutively numbered along the chain, beginning from the carboxylic one). The sharp
peak at 12.6 ppm is due to methyl carbons: this chemical shift value, unusually low if com-
pared with that found for bulk long-chain alkanes in either crystalline or non-crystalline
environments, has been observed in monolayer structures, being peculiar of methyl groups
at the organic-air interface [116, 124, 125]. The absence of other methyl signals at higher
frequencies indicates that all the stearic acid molecules coat the silica surface forming a
monolayer. It is worth noticing that in this case the spectral resolution in the aliphatic
region is worse than that obtained in stearic acid monolayers prepared on different sub-
strates [116, 125], probably because of a larger structural heterogeneity arising from a
distribution of conformational situations experienced by the stearic acid chains.
The group of weak and broad resonances in the region 175 -190 ppm is assignable to the
carboxylic carbons1; the application of a deconvolution procedure reveals that at least
three peaks with chemical shifts of 186.2, 181.8 and 177.3 ppm are present, in analogy to
what previously observed in reference [125]. It seems reasonable to ascribe this group of
resonances to a remarkable heterogeneity of the chemical environment experienced by the
carboxylic heads of the stearic acid molecules, probably present in the acidic as well as
the carboxylate form, both possibly interacting with the silica surface. This interaction
can take place by means of both hydrogen bonds, involving either the carboxylic or car-
boxylate function, and covalent esteric bonds between the surface silanol groups and the
carboxylic heads of the stearic acid molecules.
In Figure 4.7 the 13C-Delayed CP/MAS spectrum of sample BA-IO is shown, recorded
with the same delay used in the 29Si-Delayed CP/MAS spectra. First of all it must be
noticed that the signal-to-noise ratio is considerably worse than that obtained in the 13C-
CP/MAS spectrum, indicating that, in agreement with 1H-FID and 1H-MAS results, the
large majority of stearic acid protons have quite short T2 values, and therefore are in a rigid
1It is worth to notice that, differently from what usually happens as a consequence of the large chemical
shift anisotropy of carboxyl carbons, no spinning sidebands are here observed: considering the very low
intensities of the signals observed, it is reasonable that spinning sidebands, if present, result too weak to
be distinguished from the spectral baseline.
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Figure 4.7: 13C-Delayed CP/MAS spectrum of sample BA-IO, recorded at a MAS frequency of 7
kHz and with a dephasing delay of 100 µs.
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environment. However, the signal at about 30.6 ppm, hidden in the CP/MAS spectrum
by the more intense and broad peak at 33.7 ppm, is now the most intense: it must be as-
signed to carbons of methylene groups experiencing fast trans-gauche interconformational
jumps [122], thus indicating that a non negligible amount of them is present. Moreover,
a sharp peak resonating at 22.9 ppm is now clearly evident, attributable to C17 carbons
in very mobile environments, as indicated by its very low chemical shift value, typical of
disordered environments [121,126].
4.4 Discussion
Taking into account all the reported results, obtained by 29Si-, 13C- and 1H-NMR of the
three samples investigated, some general considerations can be deduced, concerning the
different components present in the samples and their modifications induced by the dif-
ferent treatments.
First of all the existence of two different kinds of water has been highlighted in the un-
treated barium sulphate sample, present either inside or on the surface of the nanoparticles.
The silica coating addition strongly reduces the amount of surface water, leaving the in-
ternal water substantially unchanged. A certain amount of physisorbed water is probably
still present on the silica coating surface, which, in turn, is partially removed by the stearic
acid treatment. As far as the water molecular mobility is concerned, we found that both
internal and surface water are probably always present with a prevailing mobile fraction,
characterized by the long-T2 exponential 1H-FID component, but also with a less abun-
dant rigid fraction.
The stearic acid treatment does not remarkably affect, as expected, the silica coating, but
the protons present on its surface experience strong modifications. They are represented
by abundant single silanols, scarce geminal silanols and physisorbed water. The stearic
acid addition strongly reduces their mobility, and also probably removes part of water and
silanols.
The stearic acid molecules have been found to form a monolayer on the silica-coated barium
sulphate nanoparticles. They result to be mostly very rigid, with the majority of methylene
chains arranged in the all-trans conformation, but a small part of them is present which
experiences a more mobile regime, with fast trans-gauche inter-conformational jumps.
An interesting result has been obtained concerning the carboxylic head of the stearic acid
molecules. In fact, a remarkable structural heterogeneity has been observed, probably
associated with both the presence of different chemical forms and the establishment of dif-
ferent interactions with the silica coating. It is reasonable to suppose that the stearic acid
monolayer overlays the silica-coated nanoparticles, establishing an interaction between the
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carboxylic heads, both in their acid or anionic forms, and the silica surface silanol groups.
This interaction could take place either through hydrogen or esteric covalent bonds, the
latter being associated with water elimination. In any case, one preferred site of interac-
tion for the stearic acid molecules with the silica surface is surely represented by geminal
silanols, even though they are present in a very small amount. Also single silanols are
reasonably involved to some extent in the interaction with the organic layer, but in this
case the effect induced on NMR properties is less evident.
4.5 Conclusions
The employment of a multinuclear solid-state NMR approach allowed us to obtain a quite
extensive characterization of composite organic-inorganic nanoparticles, here consisting in
silica coated barium sulphate nanoparticles subject to a treatment with stearic acid as
surface modifier. Several structural and dynamic aspects of this doubly modified filler
have been singled out, in particular for what concerns the presence and role of water,
the interactions between silica and stearic acid and the conformational properties of the
stearic acid chains.
1H experiments allowed two types of water to be identified, one entrapped inside the
BaSO4 nanoparticles, that remains substantially unchanged by the different treatments,
the other adsorbed on their surface, most of which is removed by the silica coating. 29Si
and 13C experiments highlighted the presence of silica-stearic acid interactions: on the
inorganic side they mainly involve geminal silanols, while, as far as the organic fraction is
concerned, both carboxylic acid and carboxylate functional groups interact with silica by
means of hydrogen, as well as covalent bonds. 13C spectra clearly showed the presence of
all the stearic acid molecules in a monolayer arrangement, also indicating that their chains
are mostly rigid, even though a small fraction of them experiences fast trans-gauche inter-
conformational motions.
4.6 Experimental
29Si-, 13C- and 1H-MAS NMR spectra were recorded on the double-channel Varian Infin-
ityPlus 400 spectrometer in Pisa, working at 399.89 MHz for proton, at 79.44 MHz for
silicon-29 and at 100.75 MHz for carbon-13, equipped with a 7.5 mm CP-MAS probehead.
1H, 13C and 29Si 90◦ pulse lengths were always between 4.5 and 5.5 µs.
All the 13C- and 29Si-NMR spectra were recorded under high-power proton decoupling
conditions.
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29Si-CP/MAS spectra were recorded for samples BA-I and BA-IO at 25 ◦C and with a
MAS frequency of 5 kHz. For both the samples a recycle delay of 3 s, a contact time of 3
ms and 26000 scans were used. 29Si-Delayed CP/MAS spectra of samples BA-I and BA-IO
were recorded, introducing between the 1H 90◦ pulse and the contact pulse a delay τ of
100 µs. The experimental conditions were the same as the 29Si-CP/MAS spectra, with
the only exception of the number of scans, which, in the 29Si-Delayed CP/MAS spectra,
was 100000. 29Si-SPE/MAS spectra were recorded for samples BA-I and BA-IO at a MAS
frequency of 5 kHz, with a recycle delay of 120 s and collecting 2000 scans.
The 13C-CP/MAS spectrum was recorded for sample BA-IO at 25 ◦C and with a MAS
frequency of 7 kHz. A recycle delay of 3 s, a contact time of 1 ms and 10000 scans were
used. The 13C-Delayed CP/MAS spectrum was recorded for sample BA-IO at 25 ◦C and
with a MAS frequency of 7 kHz, using the same pulse sequence described for 29Si with τ
= 100 µs. A recycle delay of 3 s, a contact time of 3 ms and 25000 scans were used.
The 1H-MAS spectra of samples BA, BA-I and BA-IO were acquired at 25 ◦C and with
a MAS frequency of 5 kHz, a dwell time of 5 µs, a recycle delay of 3 s and 16 scans. In
all the experiments the temperature was controlled to within ± 0.1 ◦C. Low-resolution 1H
experiments were carried out on the single-channel Varian XL-100 spectrometer in Pisa
interfaced with a Stelar DS-NMR acquisition system and equipped with a 5 mm probe-
head. These measurements were performed on-resonance on static samples at a frequency
of 25.00 MHz. Free Induction Decays (FIDs) were recorded for samples BA, BA-I and
BA-IO using the solid-echo pulse sequence with a recycle delay of 1 s, an echo delay of
12 µs, a dwell time of 2 µs and acquiring 16384 points; for each sample 10000 scans were
accumulated.
117
118
Chapter 5
Study of an organically modified
silica and of its composites with
LDPE
Abstract
In the wide field of micro- and nanocomposites, silica is one of the most employed inorganic
fillers, thanks to the remarkable improvement in several chemico-physical and mechani-
cal properties exhibited by many different polymer/silica composites, with respect to the
pristine polymers. Many different approaches have been developed and applied for the
composites preparation, ranging from the simple dispersion of micro-sized silica particles
into the polymer matrix to the sol-gel processes, in which nano-sized silica particles and
polymer matrix are simultaneously obtained.
In this chapter I report a solid-state NMR study performed on a micro-sized silica, pre-
viously subject to an organic modification consisting in grafting onto its particles an
organosilane containing a polymerizable methacrylate group. Such modification is the
first step in the preparation of Low Density PolyEthylene (LDPE)/modified silica com-
posite films, in which, through a photoinduced polymerization reaction, the establishment
of chemical bonds between filler and polymer, which should improve their interactions,
is attempted. Indeed, composite films so obtained exhibited better chemico-physical and
mechanical properties with respect to both the pristine LDPE films, and, to a certain
extent, the LDPE/untreated silica films.
The solid-state NMR study has been performed on both the modified silica and the
LDPE/modified silica composite films, in order to investigate the result of the organosi-
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lane grafting process and eventual modifications, due to the presence of the filler, in the
molecular structural and dynamic properties of the polymer, which could be related to the
observed changes in the macroscopical properties. Through the employment of 29Si and
13C high-resolution and 1H high- and low-resolution techniques, it has been possible to
obtain a detailed and quantitative “picture” of the organosilane anchoring onto the silica
particles, while, as far as the composite films are concerned, interesting effects onto the
polymer dynamics have been highlighted by means of 1H-FID analysis.
5.1 Introduction
As already quite extensively described in Section 4.1, it is well known that composite
materials, obtained by a micro- or nano-sized dispersion of a suitable organic or, more
frequently, inorganic compound (filler) into a polymer matrix, can exhibit much better
chemico-physical as well as mechanical properties with respect to the pristine polymers.
Silica has been and still is one of the most commonly and successfully employed inorganic
fillers, where the term silica usually refers to silica gel, i.e. that amorphous and porous
form of silica in which the constitutive units of SiO4 tetrahedra are randomly joined (see
also Subsection 4.3.1). A considerable amount of SiOH groups is present on the silica gel
particles surface, which thus exhibits a quite strong polar and hydrophilic character, and
where the adsorption of water is favoured by the possibility of establishing an extended
network of hydrogen bonds. As already pointed out in Section 4.1, such a polar and
hydrophilic character of the particles surface, common to almost all the inorganic fillers,
determines the tendency of the filler particles to aggregate, so hindering a good dispersion
of the filler in the usually hydrophobic polymer matrices to be obtained and, moreover, not
facilitating the interfacial filler-polymer interactions, which are important in determining
the improved properties of the final composite material [36].
For this reason filler particles are often subject to treatments aimed at modifing the char-
acter of their surface from hydrophilic to hydrophobic. As far as silica is concerned, one
of the most employed organic modification methods consists in grafting onto its surface
organosilanes, usually alkoxysilanes, acting as coupling agents, which, on one side can
react with the silica surface silanols forming Si-O-Si bonds and, on the other side, possess
organic functional groups which can react with the polymer matrix. By following this
strategy, many different micro- and nanocomposites have been prepared, in which a good
dispersion and effective interfacial interactions between the inorganic and organic compo-
nents have been achieved. Citing some examples: silane coupling agents have been found
to sensitively improve the properties of rubbers (see [107] and references therein); silica
treated with γ-aminopropyltriethoxysilane was mixed with maleated-polyolefins, in order
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to obtain a good interfacial interaction as a result of the chemical reaction between amino
and anhydride groups to give cyclic imides [127, 128]; silica particles surface-modified by
grafting of octenyl- or octylsilanes have been used in catalytic emulsion polymerization
of ethylene with nickel catalysts, giving rise to stable dispersions of silica/Polyethylene
nanocomposite particles [129] and new materials for scratch and abrasion resistant coatings
have been obtained by the preparation of reinforced polyacrylate nanocomposites, using
methacrylate-grafted silica and alumina fillers [111, 112, 130]. Despite the very extended
literature concerning polymer/silica composites preparation, relatively little is known so
far on the molecular mechanisms of the polymer-filler interactions, and thus on the “mi-
croscopic” origin of the observed improved “macroscopical” properties of the composites.
Solid-state NMR is a very powerful tool for investigating structural and dynamic prop-
erties of polymers and its potentialities are thus also attractive for the study of poly-
mer/filler composites, and in particular of the interfaces between the two components.
Unfortunately, in this sense, the success of solid-state NMR applications is often pre-
vented from both the low quantitative ratio between interfaces and bulk material and
their scarcely different NMR properties. Nevertheless, as far as polymer/silica compos-
ites are concerned, beside deep characterizations of the variously modified silicas em-
ployed [107,109–115], solid-state NMR studies, based on 29Si, 13C and 1H high- resolution
techniques [109, 114, 115, 130–137], 1H low-resolution techniques (see [115] and references
therein) and 1H NMR imaging [138–140], have been performed on the composites, allow-
ing effects of the presence of the filler on the structural and/or dynamic properties of the
polymers to be highlighted.
5.2 Materials and aims
The solid-state NMR study reported in this chapter was aimed at the characterization of
an organically modified silica and composite films obtained by a suitable dispersion of this
filler in Low Density Polyethylene (LDPE). This study arises from the collaboration with
prof. Ruggeri and coworkers (Dipartimento di Chimica e Chimica Industriale, Universita`
di Pisa), who performed the synthesis and a basic characterization of these systems1. The
purpose of the synthetic project was the obtainment of composite LDPE/silica films which
exhibit improved mechanical and chemico-physical properties with respect to the pristine
LDPE films, in particular, increased Young’s modulus and oxygen permeability.
Following the previously described approach of silica treatments with organosilane cou-
pling agents, here the silica particles have been treated with an organosilane bearing a
1The experimental details of the preparation and characterization have been reported, together with
the solid-state NMR results here presented, in ref. [141].
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Figure 5.1: Scheme of the preparation process of the LDPE/SiO2-TSPM films.
polymerizable group, which, through melt mixing and following UV photo-induced reac-
tion, should lead to chemically graft the modified silica onto the polymer matrix.
The employed organosilane was 3-(Trimethoxysilyl)propyl methacrylate (TSPM) (Fig-
ure 5.1), previously hydrolized in an EtOH/H2O solvent mixture under neutral condi-
tions: in these conditions the hydrolysis of the alkoxysilane (converting the SiOR groups
in SiOH ones) is known to proceed slowly but it should be favoured with respect to the
oligomerization of TSPM (occurring through the formation of Si-O-Si bonds). After silica
addition, the reaction between silanol groups on the silica surface and hydrolyzed TSPM,
occurring at the solid/liquid interphase, is expected to proceed in competition with the
TSPM oligomerization. Indications on the occurrence of silica functionalization were ob-
tained by Fourier Transformed-IR spectroscopy, Thermogravimetric analyses (TGA) and
Scanning Electron Microscopy (SEM) analyses.
Then, LDPE/modified silica (SiO2-TSPM) films were prepared from a melt-mixture of
LDPE, LDPE with grafted maleic anhydride groups (LDPE-g-MAH) (Figure 5.1), SiO2-
TSPM and a photoinitiator (P1), in weight ratios of 84:10:5:1. The polar groups present
in LDPE-g-MAH are known to favour the silica-LDPE mixing; the photoinitiator here
employed was a mixture of alkyl substituted α-hydroxy ketones, with an average chain
lenght of twelve.
At last, the films were subject to UV irradiation: by forming R-C· radicals, the photoini-
tiator can promote the reaction among the methacrylic double bonds of SiO2-TSPM and
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Blend LDPE P1 SiO2 SiO2-TSPM LDPE-g-MAH
B06 90 - - - 10
B13 85 - 5 - 10
B14 84 1 - 5 10
Table 5.1: Blends composition (wt%)
Blend Young’s mobulus Oxygen permeability
[MPa] [cc/m2 24 h]a
B06 188.4 897
B13 213.4 735
B14 211.0 667
aThe reported values have been normalized to a film thickness of 100 µm.
Table 5.2: Young’s modulus and oxygen permeability of the investigated films.
LDPE. Evidences of the occurrence of a chemical reaction between SiO2-TSPM and LDPE
were obtained by FT-IR and chemical extraction data, which showed that the reaction
is not quantitative and that the homopolymerization among TSPM tails also occurs to a
certain extent.
Such composite films, despite the low percentage of inorganic component, exhibit higher
Young’s modulus and oxygen permeability with respect to the pristine polymer films,
containing only LDPE and LDPE-g-MAH, while, if compared with those prepared from
LDPE, LDPE-g-MAH and untreated silica, only the oxygen permeability resulted to be
improved. The blends composition and the properties of the corresponding films are re-
ported in Tables 5.1 and 5.2. In the following we will refer to the various films simply as
blends.
The aim of the solid-state NMR study has been double: on one side it was of interest
to verify and especially clarify the result of the TSPM grafting reaction onto the silica
particles, in order to characterize from both a structural and dynamic point of view the
silica organic coating involved in the interfacial interactions with the polymer matrix; on
the other side, we tried to get some insights into the modifications induced, at a molec-
ular level, into the polymer matrix by the presence of the modified filler, by performing
a parallel investigation on the films containing either the untreated or the modified silica
(B13 and B14) and on the pristine polymer film (B06) as well. The solid-state NMR inves-
tigation has included several 29Si-, 13C-, 1H mono- and two-dimensional high-resolution
experiments, as well as 1H low-resolution Free Induction Decay analysis and 1H spin-lattice
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Figure 5.2: 29Si-CP/MAS spectrum of the SiO2-TSPM sample, recorded with a MAS frequency
of 5.5 kHz.
(both in the laboratory and in the rotating frame) relaxation times measurement (whose
experimental details are reported in Section 5.5).
In the following section the results are presented and discussed, by nucleus observed, first
for the organically modified silica, then for the LDPE/filler composites.
5.3 Results and Discussion
5.3.1 Organically modified silica
29Si
In Figure 5.2 the 29Si-CP/MAS spectrum of SiO2-TSPM is shown. Two distinct groups
of signals are clearly recognizable and straightforwardly assignable; having recourse to
the already described and employed convention for indicating silicon nuclei in different
structural environments (Subsections 2.3.4 and 4.3.1), the three peaks resonating at -112,
-103 and -93 ppm can be assigned to Q4, Q3 and Q2 silicons, respectively, while the two
higher-frequency signals have to be ascribed to T3 (-68 ppm) and T2 (-59 ppm) silicon
nuclei, respectively; the small shoulder at about -52 ppm can be assigned to T1 silicon
nuclei, which are present in an almost negligible amount. Considering that Q and T
type silicon nuclei form four and three Si-O bonds, respectively, it is straightforward that
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Figure 5.3: 29Si-SPE/MAS spectra of (a) SiO2-TSPM and (b) untreated silica (SiO2) samples,
both recorded with a MAS frequency of 5.5 kHz.
all the Q-type resonances arise from silica silicon nuclei, while the T-type signals must
be assigned to TSPM silicons. As far as the silica silicon nuclei are concerned, the three
peaks are assigned to Si(OSi)4 silica bulk tetrahedra (Q4), Si(OSi)3OH single silanols (Q3)
and Si(OSi)2(OH)2 geminal silanols (Q2). Concerning the TSPM signals, the presence of
T3 and T2 peaks can be considered an evidence that the TSPM grafting reaction onto
the silica surface has successfully taken place. On the other hand, the absence of a T0
signal (that should occur at about -43 ppm) confirms that non-reacted TSPM has been
completely removed after the preparation. This is in perfect agreement with the results
obtained by Bauer et al. for a TSPM-modified silica system, prepared by a different
experimental procedure [111]. In that case, they ascribed the presence of T2 and T3
signals to the formation of Si-O-Si bonds among different TSPM molecules, giving rise
to TSPM aggregates grafted onto the silica surface by means of single siloxane bonds;
indeed, on the basis of carbon content data and MALDI-TOFF mass spectroscopy results,
the occurrence of bi- and tri-dental anchoring of single TSPM molecules onto the silica
surface is believed to be quite unlikely and the presence of TSPM oligomers grafted onto
the silica particles has been confirmed [112].
In order to verify if this interpretation could also be valid in our case and to gain some
additional insights into the effects of the grafting process, we acquired 29Si-SPE/MAS
spectra on both untreated SiO2 and SiO2-TSPM, which are reported in Figure 5.3. In fact,
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Silicon type SiO2 SiO2-TSPM
Q4 69.8 71.4
(76.5)
Q3 26.5 20.2
(21.7)
Q2 3.7 1.7
(1.8)
T3 - 2.5
T2 - 4.2
Table 5.3: Peak areas of the different 29Si peaks of the untreated and modified (SiO2-TSPM)
silica, as obtained by deconvolution of the 29Si-SPE/MAS spectra. The values are normalized, so
that the sum of the peak areas in the whole spectra gives 100. In the case of the SiO2-TSPM
sample, the percentages referred to the total amount of Q silicons normalized to 100 are also
reported within parentheses.
as already said in Subsection 2.3.1, while no quantitative data can be reliably extracted
by 29Si-CP/MAS spectra without a suitable calibration procedure, the signal integrals
of 29Si-SPE/MAS spectra, acquired with a sufficiently long recycle delay ( here 300 s),
can be considered proportional to the corresponding different silicon species amounts. By
simple qualitative comparison between the SiO2-TSPM 29Si-SPE/MAS spectrum and the
29Si-CP/MAS one, the effect of the Cross Polarization process is evident, which strongly
enhances the signals intensity of the T, Q2 and Q3 silicon species (having spatially close
proton nuclei), with respect to that of the “fully condensed” Q4 silicons; the small T1
signal, present in the 29Si-CP/MAS spectrum, is here not detectable. In Table 5.3 the
peak areas of the SiO2 and SiO2-TSPM 29Si-SPE/MAS signals are reported, obtained by
applying a suitable spectral deconvolution procedure.
A first interesting result can be drawn by comparing the number of reacted silica hydroxyl
groups with the hypothetical maximum number of TSPM sites available for the grafting to
the silica surface. The grafting reaction can occur converting in part geminal silanols (Q2)
into either single silanols (Q3) or fully condensed Q4 silicons, and in part single silanols
into fully condensed ones. However, the number of reacted silica hydroxyl groups (SiO2
r.s.) is independent on the grafting routes followed and can be calculated as:
SiO2 r.s. = (∆Q4 −∆Q2) (5.1)
Where ∆Qi is the difference between the amount of Qi silicon atoms after and before the
reaction with TSPM, obtained exploiting the direct proportionality with 29Si-SPE/MAS
peak areas, and expressed in normalized units, such that the sum of the areas of all peaks
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in the SiO2-TSPM spectrum gives 100 and that the sum of the areas of the Q peaks is
the same in both the SiO2 and SiO2-TSPM spectra. The application of equation 5.1 gives
a value of 8.1 for SiO2 r.s.. Moreover, we can calculate the maximum number of TSPM
potential grafting sites (TSPM g.s.) with the silica surface simply by the expression:
TSPM g.s. = 2T2 + 3T3 (5.2)
Where T2 and T3 are the amounts of the corresponding silicons, expressed in the same
normalized units as before. TSPMg.s. should be equal to SiO2 r.s. in the case that all
the reacted TSPM sites were grafted to the silica, i.e. excluding the occurrence of conden-
sation among TSPM molecules. The results obtained for TSPM g.s. is 15.9, almost twice
the value obtained for SiO2 r.s.. This is a clear evidence that the condensation reaction
among different TSPM molecules surely occurs to a remarkable extent. On the other hand,
if we hypothesize that all the TSPM molecules are grafted onto the silica surface by means
of a monodental anchoring, the total number of TSPM grafting sites would result to be
equal to T2+T3 (6.7), which is slightly less than SiO2 r.s. (8.1); therefore, assuming a very
scarce probability for the existence of tridental anchorings, this result seems to indicate
that at least some bi-dental anchorings should take place. In summary, we think that a
picture of the SiO2-TSPM interface should reasonably include a distribution of different
TSPM aggregates, grafted onto the silica surface by means of mono- and, to a minor ex-
tent, bi-dental anchorings (see Figure 5.4). The very small T1 signal, only detected in the
29Si-CP/MAS spectrum, indicates the presence of an almost negligible amount of isolated
TSPM molecules mono-anchored to the silica.
Moreover, quantitative information about the grafting yields for the different Q silicon
species can be easily calculated from the peak areas of the 29Si-SPE/MAS spectra. Nor-
malizing the sum of the Q peaks areas to 100 in both silica and SiO2-TSPM spectra
(Table 5.3), the geminal silanols grafting yield (Q2 g.y.) can be easily expressed as:
Q2 g.y. = (Qi2 −Qf2)/Qi2)× 100 (5.3)
where Qi2 and Q
f
2 are the Q2 silicon nuclei amounts before and after the reaction with
TSPM, respectively. From the experimental data a Q2 g.y. value of 51% is obtained.
On the other hand, the single silanols grafting yield (Q3 g.y.) is dependent on the type
of conversion undergone by the Q2 silicons: introducing the coefficient a to express the
fraction of reacted Q2 silicons which is converted in Q4 sites, we obtain:
Q3 g.y. = (∆Q4 + a∆Q2)/Qi3)× 100 (5.4)
Since the a value cannot be determined from the experimental data, we can consider the
Q3 g.y. values corresponding to the two limit values of a: for a = 0 (full conversion of
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Figure 5.4: Schematic representation of the most likely SiO2-TSPM grafting structures as singled
out by analysis of the 29Si-SPE/MAS spectra reported in Figure 5.3. Structures with R = H and
R′ give rise to signal T2 and T3 in the 29Si spectra, respectively.
reacted Q2 into Q3) and a = 1 (full conversion of reacted Q2 into Q4) the calculated Q3 g.y.
results to be 26 and 18%, respectively. Therefore, we can surely conclude that in our case
geminal silanols result to be sensibly more reactive than single silanols, in agreement with
the results previously obtained by Bauer et al. [111].
13C
In Figure 5.5 the 13C-CP/MAS spectrum of SiO2-TSPM is shown. In agreement with
what reported in the literature [111], the observed signals can be so assigned: 8.3 ppm
(SiCH2); 16.8 ppm (CH3C=CH2); 22.5 ppm (SiCH2CH2); 66.9 ppm (CH2O); 124.2 ppm
(C=CH2); 137.2 ppm (C=CH2); 176.8 ppm (CH2OC=O). It is noticeable that at around
50 ppm, where the TSPM methoxy carbon is expected to resonate [111], only a spinning
sideband, much weaker than the SiO2-TSPM signals, is observed; the absence of the peak
ascribable to TSPM methoxy carbons has been confirmed by spectra recorded at different
spinning rates. Also considering the absence of a T0 signal in the 29Si spectra, this leads
to rule out the presence in the sample of non-hydrolized TSPM.
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Figure 5.5: 13C-CP/MAS spectrum of the SiO2-TSPM sample, recorded with a MAS frequency
of 4 kHz (full circles denote spinning sidebands).
1H-MAS
In Figure 5.6 the 1H-MAS spectra of SiO2-TSPM, acquired at three different MAS frequen-
cies (3, 4.5, 6 kHz), are shown. The spectral resolution improves with increasing the MAS
frequency and all the expected signals are observed: those ascribable to TSPM methylene
and methyl protons signals (SiCH2 at 1.3 ppm; SiCH2CH2 at 1.6 ppm; CH3C=CH2 at
2.2 ppm); the broad and intense signal resonating at 4.5 ppm, due to water, evidently not
completely removed after the preparation and hydrogen bonded silica and TSPM silanol
protons; those at 5.7 and 6.4 ppm, due to the alchenilic methylene (C=CH2) proton sig-
nals. By comparing the 1H-MAS spectra acquired at increasing MAS frequency, it is
noticeable that, while spinning sidebands and line narrowing are observed for the TSPM
proton signals, the peak at 4.5 ppm does not give rise to spinning sidebands and its
linewidth remains substantially unchanged. This suggests that the latter peak arises from
a static line significantly narrower than the other ones, and that the observed linewidth
has to be ascribed to an isotropic chemical shifts distribution, coherent with the many
slightly different chemical environments experienced by water, silica and TSPM hydrogen
bonded silanol protons. On the other hand, the presence of spinning sidebands for the
TSPM proton signals indicates that they originate from significantly broader static lines
(∆ν > 6 kHz), suggesting that TSPM molecules experience a quite restricted molecular
mobility with respect to water and hydrogen bonded silanols. Moreover, the improved res-
129
Figure 5.6: 1H-MAS spectra of the SiO2-TSPM sample, acquired at MAS frequencies of (a) 3,
(b) 4.5, (c) 6 kHz (full circles denote spinning sidebands).
olution observed for the TSPM signals with increasing the MAS frequency indicates that
the homonuclear dipolar couplings, giving rise to the signals anisotropy, have mainly an
inhomogeneous character, that is the interactions among protons can be mainly considered
as two-body interactions [142].
1H-29Si HETCOR
With the aim of obtaining further insight concerning the spatial arrangement of the TSPM
molecules grafted onto the silica surface, a two-dimensional 1H-29Si FSLG-HETCOR ex-
periment has been performed. As described in Subsection 2.3.3, this two-dimensional
technique, very useful in elucidating molecular structures, allows the chemical shifts of
dipolarly coupled 1H and 29Si nuclei (in this case) to be correlated. The intensity of
the cross peaks in the HETCOR map is proportional to the dipolar coupling strength
between the correlated nuclei: the most significant correlations therefore involve 1H and
29Si nuclei that are both spatially close and in a quite rigid environment. In Figure 5.7
the 2D 1H-29Si FSLG- HETCOR map of SiO2-TSPM is shown. As expected, the most
intense cross peaks correlate the abundant Q3 silica silicons with the hydroxyl protons
resonating at 4.5 ppm (which can be assigned to the hydrogen bonded silica silanols as
well as to the water molecules physisorbed on the silica surface), and the TSPM T2 and
T3 silicons with the protons of their directly bonded methylene groups, which resonate
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Figure 5.7: 2D 1H-29Si FSLG-HETCOR map of the SiO2-TSPM sample. The correlation peaks
shown in the different regions, labeled by roman numbers in the map, were sampled at different
threshold levels for the sake of clarity; the maximum peak intensities (in a.u.) are 100 in I and 46
in II.
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at 1.3 ppm. As far as TSPM is concerned, a less intense but clearly observable cross
peak indicates the correlation of the T2 silicon nuclei also with the protons resonating at
3.9 ppm, which can be identified with those of the hydroxyl groups directly bonded to
the T2 silicons of hydrolyzed TSPM molecules. It is noteworthy that, in the HETCOR
experiment, the chemical shift of these protons can be distinguished from that of the silica
silanol protons, thus confirming, as previously observed [143], the much better spectral
resolution obtainable with this technique with respect to the simple mono-dimensional
1H-MAS spectrum, where these two kinds of protons result to be undistinguishable and
only a broad and intense peak, centered at about 4.5 ppm, can be globally assigned to the
hydrogen bonded hydroxyl groups. As far as silica is concerned, less intense cross peaks
are observed correlating Q2 and Q4 silicons with hydrogen-bonded hydroxyl protons (4.5
ppm). Their lower intensities are consistent with the small amount of Q2 silicon sites
present in the silica and with the reasonably scarce involvement of Q4 silicon nuclei, more
abundant in the silica bulk, in dipolar couplings with surface silanols and water protons.
Another interesting correlation is clearly observed between the Q4 silicons and the protons
resonating at 1.8 ppm, which are usually identified with isolated silanol protons, that is
silanol protons not involved in hydrogen bonds, mainly located inside the silica bulk. It
might appear strange that, while the correlation between these protons and the Q4 silicons
is undoubtfully observed, no correlations are detected among the same protons and the
directly bonded Q3 silicons. On the other hand, for their nature,“isolated”silanol protons
are surrounded by many Q4 silicons; it is therefore reasonable that the total dipolar cou-
pling with the surrounding Q4 silicons results to be much larger than that with the single
Q3 silicon to which the hydroxyl is directly bonded.
It must be noticed that no correlations are detected between silica silicons and TSPM
protons, as well as between TSPM silicons and silica protons. This is consistent with
the “picture” of the system, previously drawn from the 29Si results (Figure 5.4): these
nuclei remain quite far from each other if the TSPM molecules, interconnected by means
of intermolecular Si-O-Si bonds, are arranged in quite ordered linear or planar structures,
having Si-O-Si grafting sites with the silica surface.
1H-FID analysis
The results of the 1H-FID analysis of the SiO2-TSPM sample are reported in Table 5.4.
Three motionally distinct domains can be identified: about 60% of the sample protons
experience a very restricted molecular mobility, their FID contribution being reproduced
by a Gaussian function, usually associated with rigid molecular domains, characterized by
a quite short T2 value (33.1 µs), while two almost equivalent proton fractions are present in
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intermediate (Gaussian function, T2= 100 µs ) and quite mobile (exponential function, T2=
552 µs) molecular environments. On the basis of previously discussed 29Si-SPE/MAS and
1H-MAS results, and considering the 1H-FID analysis of the untreated silica (Table 5.4), it
is possible to attempt an assignment of the distinct FID components in terms of different
chemical components of the sample. As far as the TSPM protons are concerned, the 1H-
MAS spectra acquired at different MAS frequencies suggest that they experience a more
restricted molecular mobility with respect to the water and silica hydrogen bonded silanol
protons, and therefore they should mainly correspond to the Gaussian decay function with
T2= 33.1 µs.
On the other hand, as far as water and silica protons are concerned, the 1H-FID analysis
of the untreated silica gives an useful suggestion in singling out their contribution to
the SiO2-TSPM FID; two dynamically distinct domains are present and, in agreement
with previously reported results (Chapter 3 and ref. [87, 91]), it is reasonable to assign
the silica silanol protons to the most rigid one (described by the Gaussian function) and
the physisorbed water protons to the most mobile one (described by the exponential
function). Considering that, in passing from the untreated to the TSPM modified silica, a
considerable amount of water is removed, and a slight reduction of the molecular mobility
of the remained water is reasonable, we can roughly assign the exponential component with
T2= 552 µs of the SiO2-TSPM FID to physisorbed water protons, while the intermediate
Gaussian component with T2= 100 µs should mainly arise from hydrogen bonded silica
silanol protons. A verification of this assignment can be attempted by comparing the ratio
between the weight percentages of the shortest and intermediate FID Gaussian components
with the TSPM/silica protons ratio, calculated from the values of the T and Q peak
integrals of the 29Si-SPE/MAS spectrum [TSPM and silica protons number has been
calculated as (11T3 + 12T2) and (Q3 + 2Q2), respectively, where Qn and Tn indicate the
peak areas of the corresponding 29Si nuclei in the 29Si-SPE/MAS spectrum] (see Table 5.3).
In fact, in the hypothesis that the shortest and intermediate Gaussian FID components
would correspond to TSPM and silica protons, these two values should coincide, as indeed
they do, both resulting to be 3.3, thus strongly supporting our assignment of the three
SiO2-TSPM FID components.
5.3.2 LDPE/filler composites
29Si
In Figure 5.8 the 29Si-CP/MAS spectra of B13 and B14 (Section 5.2) are shown. Possible
effects due to the interface between the polymer and the inorganic particles can be searched
by comparing these spectra with those of the corresponding pure inorganic fillers (SiO2
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Figure 5.8: 29Si-CP/MAS spectra of (a) B13 and (b) B14 samples, both recorded with a MAS
frequency of 5.5 kHz.
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Figure 5.9: 13C-CP/MAS spectrum of the B13 sample, recorded with a MAS frequency of 4 kHz.
The 13C-CP/MAS spectra of B14 and B06 samples, here not shown, are substantially coincident
with that of the B13 sample.
and SiO2-TSPM). The spectrum of B13 is similar to that of the untreated silica (here not
shown), the only difference consisting in a minor Q3/Q4 ratio, which could be ascribed to
the strongly reduced water content in the B13 sample. On the other hand, the spectrum
of B14 is substantially coincident with that of SiO2-TSPM (see Figure 5.2). Both these
comparisons suggest that the presence of the polymer does not remarkably modify the
29Si-CP/MAS spectral features of the inorganic fillers, neither directly contributing to
1H-29Si Cross Polarization, nor modifying the average dipolar couplings already present
in the pure fillers.
13C and 1H-MAS
In Figure 5.9 the 13C-CP/MAS spectrum of B13 is shown. The signals assignment is
straightforward: the most intense signal, resonating at 33 ppm, is due to the chain methy-
lene groups of the crystalline polymer fraction, which are in the all-trans conformation;
the shoulder observable at about 31 ppm is assigned to the chain methylene groups of the
amorphous polymer fraction, where rapid inter-conformational jumps occur between trans
and gauche chain conformations (see also Section 4.3.3 and ref [122]); the small signal at
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about 11 ppm is assigned to methyl carbons of ethyl side groups, while those at about
15 and 24 ppm arise from terminal methyl and methylene carbons of side chains longer
than C2 [144]; because of its very low concentration no MAH signals were detected. This
spectrum is substantially coincident with the 13C-CP/MAS spectrum of both B06 and B14
samples (here not shown). Moreover, no detectable differences are observed among neither
the 13C-Delayed CP/MAS spectra nor the 1H-MAS spectra recorded for the three samples
and here not reported. Therefore we can conclude that possible changes in the molecular
structural or dynamic properties of the polymer, induced by the presence of the inorganic
fillers, do not significantly alter the features of 1H, 13C and 29Si high-resolution solid-state
NMR spectra. Because of its very low concentration, TSPM 13C and 1H signals were
never detected; therefore, no further confirmation of the occurrence of the photo-induced
reaction between TSPM and LDPE could be obtained.
1H-FID analysis
The 1H-FID of Polyethylene samples has been deeply investigated by Hansen et al., who
found that the combination of a Pake, a Brereton and an exponential function, or of a
Pake, a Weibullian and two exponential functions gives the best reproduction of the ex-
perimental FID [48, 54]. Considering that the protons arising from the inorganic fillers
can be estimated to be at most 0.5% of the whole protons amount, we used the latter set
of functions to analyze not only the B06 FID, but also those of the two composites, B13
and B14, obtaining in all cases a very good reproduction of the experimental FIDs (Ta-
ble 5.4). Even though a strict correspondence between the different FID components and
polymer phases cannot be reliably established, it is quite reasonable to associate the Pake
component (P ) with the most rigid polymer fraction (surely including all the crystalline
fractions), the exponential components (E1 and E2) with the most mobile, amorphous
fractions, and the Weibullian component (W ) with a phase with an intermediate mobility
(including the interface between amorphous and crystalline phases and entangled regions
of the amorphous phase). The FID analysis results obtained for the two composites are
very similar, and quite different from those of the pure polymer; in particular, on passing
from B06 to B13 and B14 the weight of the Weibullian component decreases by about 16%,
while those of the Pake and the shortest exponential (E1) functions increase by about 11
and 5%, respectively. However, while the decay parameters of the Pake function were
imposed to be the same for the three samples in the fitting procedure, in agreement with
the reasonable assumption that the dynamics of the polymeric crystalline phases is not
affected by the blending processes, those of the Weibullian and exponential functions are
subject to clear changes. For the Weibullian function both the exponent n passes from 1.2
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in B06 to about 1.7 in the two composites, therefore changing the character of the function
from exponential-like to gaussian-like; at the same time, the T2 of this function increases
from 24.5 to about 28 µs. As far as the shortest exponential function (E1) is concerned,
its T2 decreases from about 68 to about 56-57 µs going from B06 to both composites.
The longest exponential function (E2) is the only one highlighting a different behaviour
between the two composites, its T2 being substantially the same for B06 and B13 (about
260 µs), but detectably shorter (232 µs) in B14. A rationalization of all these results in
terms of detailed dynamic phenomena occurring in the single polymer fractions is very
difficult, especially considering that the best-fitting parameters of the different functions
are somewhat correlated. In spite of this, it is clear that proton FIDs, and therefore the
dynamic properties of the polymer, are strongly affected by the presence of the inorganic
filler, even though these changes seems to be mostly independent from the presence of
TSPM on the silica surface. In particular, the presence of the filler results in an increased
amount of the most rigid fraction of the polymer, which is reasonably ascribable to the
stiffening of polyethylene chains, whose molecular motions are strongly hindered by the
interaction with the silica surface, as already found from the 1H-FID analysis of silica-
filled [115] and carbon black-filled rubbers [145]. Such a molecular dynamic effect could
be related with the increase in the Young’s modulus value indeed observed, to a similar
extent, for the composites prepared with either the untreated or the modified silica. More-
over, the reduced value of T2 (E2) in B14 strongly suggests that the most mobile fraction
of the polymer, whose dynamic properties are substantially unaffected by the presence
of untreated silica, is involved in the interaction with silica-grafted TSPM molecules; to
this regard, a possible relation with the detected minor oxygen permeability of B13 with
respect to B14 could be advanced.
1H-Spin-lattice relaxation times
In order to better investigate the dynamic behaviour of the LDPE/filler composites, in
particular for what concerns molecular motions with characteristic frequencies approxi-
matively ranging from tens of kHz to tens of MHz, proton T1 and T1ρ measurements have
been performed in low resolution (Subsection 2.4.2) and at variable temperature (in the
range −60÷−75 ◦C), for both the pristine LDPE (B06) and the two composites (B13 and
B14) . As far as T1 measurements are concerned, for every sample, at all the temperatures,
the relaxation recovery curves, as obtained from the application of the Inversion-Recovery
with solid-echo pulse sequence, were well fitted with monoexponential decays, indicating
that spin diffusion (Subsection 1.5.3) completely averages the T1 values possibly arising
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Figure 5.10: Plot of 1H T1 values vs temperature for samples B06, B13 and B14.
from different regions of the samples. In Figure 5.10 T1 trends with temperature for the
three samples are shown, while corresponding T1 vaues are reported in Table 5.5. It
is immediately evident that, apart from the region at higher temperatures, where the
B13 curve seems to slightly but systematically deviate from the two other, the curves of
the three samples are substantially coincident, thus indicating that, at least within the
“sensitivity” limit of this method, the molecular dynamics of the pristine LDPE and the
two different LDPE/filler composites is substantially the same in the frequency and tem-
peratures ranges here investigated. On the other hand these curves provide interesting
information on such dynamics: one minimum in the T1 trend is clearly observed at a
temperature of about -15 ◦C, and a second one, even if less pronounced, seems to occur at
higher temperatures (around 30 ◦C); this can be interpreted with the occurrence of two
different molecular motions, approximatively matching the Larmor frequency (25 MHz)
at two different temperatures. The motional process mainly responsible for the T1 mini-
mum observed at lower temperature can be quite straightforwardly identified with LDPE
main chain motions, which start to be active at temperatures just above the polymer
glass transition temperature Tg; the temperature shift here observed between LDPE Tg
(approximatively −70 ◦C) and the temperature at which the T1 minimum occurs is in
agreement with what already observed for different polymers [34]. On the other hand, the
interpretation of the T1 minimum occurring at higher temperature is less straightforward:
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T [◦C] T1-B06 [ms] T1-B13 [ms] T1-B14 [ms]
-60 190± 2 188± 3 -
-45 137± 2 136± 2 130± 2
-30 114± 1 114± 2 115± 2
-15 106± 2 107± 2 107± 2
0 116± 2 118± 2 118± 2
15 129± 2 130± 2 127± 2
30 139± 2 132± 2 139± 2
45 145± 2 138± 2 143± 2
60 153± 2 144± 3 151± 2
75 171± 2 165± 3 169± 2
Table 5.5: 1H T1 values measured for B06, B13 and B14 samples at the indicated temperatures.
The uncertainties on the reported values are the standard deviations for the individual best-fitting
parameters, as obtained from the fitting procedure.
it surely arises from a motional process slower than that so far discussed but, in order
to better characterize it, it would be necessary to perform further investigations, as, for
example, 13C T1 measurements.
Variable temperature proton T1ρ measurements allow information concerning motional
processes with characteristic frequencies close to the spin-lock field BSL1 (here B
SL
1 =89
kHz) to be obtained. For all the three samples here investigated, the relaxation decay
curves, obtained by the variable spin-lock time with solid-echo experiment, were well fit-
ted with biexponential decays (T1ρ values for the three samples at all the experimental
temperatures are reported in Table 5.6).
Due to the spatial scale (of the order of nm) on which spin diffusion is let to proceed
for the spin-lattice relaxation in the rotating frame, it is not surprising that two differ-
ent values can be measured; on the other hand, the influence of spin diffusion makes an
unambiguous interpretation in terms of dynamic processes of such T1ρ values and their
corresponding weights too difficult; for this reason it is useful to calculate, for each sample,
at every temperature, the value of PWRA (Equation 2.11), a quantity which is indepen-
dent of spin diffusion and which is a measure of the power available for the T1ρ relaxation
over the whole spin system. The presence of maxima in PWRA trends with temperature,
or, equivalently, minima in 1/PWRA ones, allow motional processes occurring approxima-
tively at the applied spin-lock field in the temperature range investigated to be singled out.
In Figure 5.11, 1/PWRA vs temperature curves, for the three samples, are reported. As
already found for the T1 trends, 1/PWRA curves of the three samples can be considered
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B06
T [◦C] T1ρa [ms] wa [%] T1ρb [ms] wb [%] 1/PWRA [ms]
-60 1.5± 0.1 46± 2 19± 1 54± 2 3.0± 0.2
-45 2.4± 0.1 53± 1 21± 1 47± 1 4.1± 0.2
-30 3.3± 0.1 55± 2 22± 1 45± 2 5.4± 0.2
-15 3.8± 0.2 56± 3 22± 2 44± 3 6.0± 0.4
0 3.3± 0.1 61± 2 22± 2 39± 2 5.0± 0.2
15 2.8± 0.1 62± 2 16± 1 38± 2 4.1± 0.2
30 2.8± 0.1 57± 3 11± 1 43± 4 4.1± 0.2
45 2.4± 0.2 34± 4 8.6± 0.5 66± 4 4.5± 0.4
60 2.3± 0.2 37± 3 11.9± 0.6 63± 3 4.6± 0.4
75 1.8± 0.1 38± 1 19.0± 0.7 62± 1 4.1± 0.2
B13
T [◦C] T1ρa [ms] wa [%] T1ρb [ms] wb [%] 1/PWRA [ms]
-60 1.8± 0.1 50± 2 20± 1 50± 2 3.3± 0.2
-45 2.6± 0.1 56± 1 24± 1 44± 1 4.2± 0.2
-30 3.1± 0.2 52± 3 20± 1 48± 3 5.2± 0.4
-15 4.1± 0.3 62± 4 26± 3 38± 4 6.0± 0.5
0 3.4± 0.1 64± 2 24± 2 36± 2 4.9± 0.2
15 2.6± 0.1 60± 3 17± 1 40± 3 3.9± 0.2
30 3.0± 0.2 66± 5 14± 2 34± 5 4.1± 0.4
45 1.9± 0.2 28± 4 8.0± 0.4 72± 4 4.2± 0.5
60 2.0± 0.2 31± 3 10.7± 0.6 69± 3 4.5± 0.5
75 1.8± 0.2 36± 2 17.8± 0.9 64± 2 4.2± 0.4
B14
T [◦C] T1ρa [ms] wa [%] T1ρb [ms] wb [%] 1/PWRA [ms]
-45 2.4± 0.1 49± 2 21± 1 51± 2 4.2± 0.2
-30 3.7± 0.2 59± 3 24± 2 41± 3 5.6± 0.4
-15 3.6± 0.2 55± 3 22± 2 45± 3 5.8± 0.4
0 3.1± 0.2 58± 3 21± 2 42± 3 4.8± 0.4
15 2.5± 0.1 55± 2 15± 1 45± 2 4.0± 0.2
30 2.5± 0.3 55± 6 12± 2 45± 6 3.9± 0.6
45 1.0± 0.2 16± 2 7.0± 0.2 84± 2 4.3± 0.5
60 1.6± 0.2 25± 2 10.2± 0.4 75± 2 4.4± 0.4
75 1.7± 0.1 36± 1 18.4± 0.7 64± 1 4.1± 0.2
Table 5.6: 1H T1ρ values measured for B06, B13 and B14 samples at the indicated temperatures.
The corresponding 1/PWRA values also reported. The uncertainties on the values are the standard
deviations for the individual best-fitting parameters, as obtained from the fitting procedure.
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Figure 5.11: Plot of 1H T1ρ 1/PWRA values vs temperature for samples B06, B13 and B14.
substantially coincident, indicating that no remarkable changes in the motional processes
here investigated occur neither between the pristine LDPE and the LDPE/filler compos-
ites, nor between the two different composites. For all the three samples it is evident the
existence of a minimum in the 1/PWRA trend at a temperature around 20 ◦C, which
could be mainly determined by the same motional process responsible for the smooth
minimum observed in the T1 curves, at around 30 ◦C. The occurrence of another motional
process, mainly responsible for T1ρ relaxation below −15 ◦C can be easily identified by the
decreasing trend of 1/PWRA by decreasing temperature, and ascribed to the main chain
motions occurring above Tg. Another motional process is probably detectable from the
decreasing trend of 1/PWRA with increasing temperature above 60 ◦C, but this is based
on a single experimental data point and any further comment would be premature. Useful
further information in this sense could be obtained by extending the measurements at
lower and higher temperatures, as well as by performing the two-dimensional experiment
designed for correlating T1ρ and FID components (described in Subsection 2.4.2), which,
at present, is indeed in progress.
5.4 Conclusions
Through the combined employment of several 29Si and 13C high-resolution and 1H high-
and low-resolution solid-state NMR techniques, it has been possible to deeply investigate
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the result of the silica organic modification with TSPM, as well as to get some insights
into the effects induced, at a molecular level, on LDPE by the presence of either the
untreated or the modified filler. In particular, as far as the filler is concerned, we could
obtain detailed and quantitative information both on the anchoring of the organic modifier
onto the silica surface and on the differences in the molecular mobility of the various
chemical components present in the modified filler. As far as the LDPE/filler composites
are concerned, no effects due to the presence of either the untreated or the modified silica
have been detected from 29Si, 13C and 1H high-resolution spectra, as well as from 1H
spin-lattice relaxation times low-resolution measurement, while differences in the LDPE
chains dynamics have been highlighted by means of 1H-FID analysis, which suggested an
interesting relation with the observed differences in the macroscopical properties (Young’s
modulus and oxygen permeability) of the various LDPE films investigated.
5.5 Experimental
29Si, 13C- and 1H- magic-angle spinning (MAS) NMR spectra were recorded on the double-
channel Varian InfinityPlus 400 spectrometer in Pisa, equipped with a 7.5 mm Cross-
Polarization (CP)-MAS probehead, working at 399.89 MHz for proton, at 79.44 MHz for
silicon-29 and at 100.75 MHz for carbon-13. 1H, 13C and 29Si 90◦ pulse lengths were
always between 4.2 and 5.5 µs. All the 13C- and 29Si-NMR spectra were recorded under
high-power proton decoupling conditions.
29Si-CP/MAS spectra were recorded for all the samples with a MAS frequency of 5.5 kHz,
a recycle delay of 3 s and a contact time of 3 ms; 4000 scans were acquired for samples
SiO2 and SiO2-TSPM, while 15000 scans were accumulated for B13 and B14. 29Si-Single
Pulse Excitation (SPE)/MAS spectra were recorded for samples SiO2 and SiO2-TSPM
with a recycle delay of 300 s, a MAS frequency of 5.5 kHz and 480 scans.
The 2D 29Si-1HFSLG-HETCOR technique was applied using a contact time of 400 ms,
128 rows, 200 scans and a MAS frequency of 6 kHz.
The 13C-CP/MAS spectra were recorded for samples SiO2-TSPM, B06, B13 and B14 with
a MAS frequency of 4 kHz, a recycle delay of 3 s, a contact time of 3 ms and 8000 scans.
The 1H-MAS spectra were acquired with a recycle delay of 3 s and 16 scans. In the case
of sample SiO2-TSPM they were recorded at three different values of MAS frequency: 3,
4.5 and 6 kHz, while for samples B06, B14, B13 a MAS frequency of 6.5 kHz was used.
Low-resolution 1H experiments were carried out on the single-channel Varian XL-100 spec-
trometer in Pisa, interfaced with a Stelar DS-NMR acquisition system and equipped with
a 5 mm probehead. These measurements were performed on-resonance on static samples
at a frequency of 25.00 MHz. Free Induction Decays were recorded for all the samples
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using the solid-echo pulse sequence with a recycle delay of 1 s, an echo delay of 13 µs, a
dwell time of 1 µs and acquiring 16384 points; 4000 scans were accumulated for samples
SiO2, SiO2-TSPM and B06, while 10000 scans were acquired for B13 and B14. 1H spin-
lattice relaxation times in the laboratory (T1) and rotating (T1ρ) frames were measured,
at variable temperature, using the Inversion-Recovery and variable spin-lock time pulse
sequences, respectively, followed by solid-echo. In both cases 16 scans were accumulated,
and the signal intensity was determined by the first point of the on-resonance FID. 26
different delays and 36 different spin-lock times were used to measure T1 and T1ρ, respec-
tively. The spin-lock field was 89 kHz.
All the experiments were performed at a temperature of 25 ◦C, controlled to within ±0.1
◦C, unless otherwise stated.
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Chapter 6
Study of a synthetic clay mineral
in its hydrophilic and two different
organophilic forms
Abstract
In recent years, clay minerals have attracted a great interest in designing and preparing
nanocomposites with a large variety of polymer systems, since these materials showed
remarkably improved properties (mechanical properties, as well as decreased gas perme-
ability and flammability, etc..) with respect to the pristine polymers as well as more con-
ventional micro- and macro-composites. Due to the substantially apolar character of most
of the organic polymers, the modification of the natural occurring hydrophilic character of
a clay into organophilic, with the consequent increase of the clay/polymer compatibility,
is an indispensable step in the nanocomposites preparation, for which different strategies
have been developed.
In this chapter it is reported the study of a synthetic clay, Laponite, in three different forms:
the pristine hydrophilic one, an organophilic Laponite obtained by exchange with 2C18-
dimethyldioctadecylammonium cations and a double organically modified form, obtained
by performing a grafting reaction of an organo-silane containing a polymerizable group
(TSPM) onto the 2C18-dimethyldioctadecylammonium cation exchanged clay. Through
the employment of 29Si, 13C, 1H mono- and two-dimensional high-resolution techniques,
as well as 1H-FID analysis, it has been possible to perform a deep characterization of the
three different forms of the clay, with particular regard to the investigation of the interfa-
cial interactions between the clay and the species present at its platelets surface, as well
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Figure 6.1: Silica sheet from side and top projections. Silicon and oxygen atoms are represented
by full and open circle, respectively.
as of the structural and dynamic properties of both the intercalated organic cations and
TSPM molecules.
6.1 Introduction
6.1.1 Clay minerals
The geological term clay refers to any naturally occurring material with particle size less
than 2 µm; clay minerals are the main components of clays, which usually contain also
other materials, as small quartz particles, but, in practice, clay minerals are often just
referred to as clays.
All the clay minerals are silicates, the [SiO4]2− group being a constitutive unit of all of
them; actually, the principal building elements of the clay minerals are two different kinds
of two-dimensional arrays: the tetrahedral or silica sheet and the octahedral sheet, which
in turn can be either an alumina or a magnesia sheet, also called gibbsite or brucite layer,
respectively [146,147].
The silica sheet is constituted by [SiO4]2− tetrahedra (in which the silicon atom is coordi-
nated with four oxygen atoms located at the corners of the tetrahedron); three oxygens for
each tetrahedron are shared with three other silicons, and the fourth one points upward,
as depicted in Figure 6.1.
The octahedral sheet is constituted by either aluminum (Al3+) or magnesium (Mg2+)
cations, in octahedral coordination with oxygen anions and hydroxyl groups, located at
the six corners of each octahedron. The sharing of the oxygen atoms or hydroxyl groups
among neighbouring aluminum or magnesium cations is shown in Figure 6.2; it is worth
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Figure 6.2: Octahedral sheet from side and top projections. Aluminum/magnesium cations and
oxygens/hydroxyl groups are represented by full and open circle, respectively.
Figure 6.3: Silica/alumina sheets combination.
to notice that the oxygen atoms and hydroxyl groups lie in two parallel planes, with the
cations located between these planes.
A silica and an octahedral sheet can easily combine, sharing the apical silica oxygen
atoms, which are still partly available for cations coordination. Such a combination is
favored by symmetry reasons (in both of the sheets it is evident, from the planar projec-
tions, an hexagonal symmetry) and its geometry depends on the charge of the cations in
the octahedral sheet. The planar projection of the silica/alumina sheets combination is
shown in Figure 6.3. As it can be seen in figure, in such a combination the valency of
the apical silica oxygens is satisfied, each of them being coordinated with two aluminum
cations (indeed, each Al3+ gives a +12 valency contribution to each surrounding anion in
six-fold coordination), the same occurring for the oxygens/hydroxyl groups of the alumina
layer. If instead of aluminum, magnesium cations (Mg2+) are present in the octahedral
layer, due to their minor valency contribution to the six surrounding anions (+13 instead
of +12), three cations have to be symmetrically arranged over the silica sheet, so filling all
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Figure 6.4: Unit cell of a three-layer dioctahedral mineral.
the three available octahedral positions, instead of the only two filled by an alumina sheet.
Minerals arising from either silica/alumina or silica/magnesia combinations are therefore
called dioctahedral and trioctahedral, respectively.
An octahedral sheet can be also combined with two silica sheets, one for each “face” of
the sheet: the combination of an octahedral sheet with one or two silica sheets is referred
to as unit layer: most clay minerals are constituted by unit layers stacked parallel to
each other. A lateral repetitive structure can be singled out in a unit layer and referred
to as unit cell; in crystallography, the clay minerals unit cell usually extends from one
plane in a unit layer to the same plane in the next parallel unit layer, so including the
so called 001 basal spacing or c-spacing, which is usually about 7 and 9 A˚ for a two- and
three-layer mineral respectively. In Figure 6.4 the unit cell of a three-layer dioctahedral
mineral is reported. The electrically neutral formula [Al2(OH)2(Si2O5)2]2 of this unit cell
corresponds to that one of the mineral Pyrophyllite, while the corresponding one for the
trioctahedral case would be the Talc formula. Pyrophyllite and Talc can be considered the
prototypes for all the three-layer di- and tri-octahedral clay minerals1, which are usually
referred to as Smectites (Montmorillonites in the older terminology).
The prototype mineral for two-layer clay minerals is the Kaolinite, whose unit cell is
reported in Figure 6.5, the corresponding minerals group being therefore referred to as
Kaolinites.
1Actually the particles size of these two minerals is bigger than that typically observed for clay minerals,
and for this reason they are classified as mica-type minerals.
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Figure 6.5: Unit cell of a two-layer dioctahedral mineral.
In the following I will mainly describe some features of the Smectites group, to which
the clay, here investigated, belongs.
A common feature of all the Smectites is that, differently from the prototype Pyrophyllite,
the unit cell is never electrically neutral: aluminum or magnesium cations in the octahe-
dral sheet and silicon atoms in the tetrahedral sheet can be partly substituted by similar
cations, often with a minor positive charge, the most common substitutions being: Mg2+,
Fe2+, Fe3+ for Al3+, Li+ for Mg2+, Al3+ for Si4+.
These isomorphic substitutions induce a negative charge to be present in the clay, which
is balanced by the adsorption of cations (often Na+), too large to be accomodated inside
the crystalline lattice, on the surface of the clay layers; since, in presence of water these
compensating cations can be exchanged with other cations present in solution, they are
called exchangeable cations.
A very important parameter for a clay mineral is the Cation Exchange Capacity, CEC,
which can be analitically determined and expresses the amount of exchangeable cations
in milliequivalents per 100 g of dry clay. The chemical formula of a clay mineral is usu-
ally established by combining the CEC, which is a measure of the degree of isomorphic
substitution of the clay, with its the chemical composition (and adopting some conven-
tional assumptions). The exchangeable cations in the Smectites are located not only on
the external surfaces of the clay unit layers (which can also be commonly referred to as
platelets), but also in between two consecutive unit layers in the stack, in the so called
interlayer galleries. Their presence induces an increase in the basal spacing with respect
to the value observed for the Pyrophyllite or Talc: from 9.1 to about 9.6 A˚ . However, this
difference is less than an average exchangeable cation diameter, thus indicating that they
are partly accomodated in the tetrahedral sheet holes.
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Moreover, all the Smectites, placed in contact with water, allow water molecules to
penetrate between the unit layers, giving rise to the so called interlayer swelling; wa-
ter can form from mono- to four-molecular layers in the interlayer galleries of the clay,
so determining an increase of the basal spacing up to values of the order of 12.5-20 A˚.
The interlayer swelling mechanism has been explained both with the hydration of the ex-
changable cations, and with a direct hydrogen-bond interaction among the water molecules
and the silica sheet, both providing enough energy to overcome the van der Waals attrac-
tion between the unit layers. Because of the interlayer swelling, the Smectites are also
called expanding three-layer clays.
Smectites can also incorporate, in the interlayer galleries, polar or ionic organic com-
pounds, this resulting particularly useful for several aims, as better described in the next
section.
For completeness, it has to be said that another group of three-layer clay minerals
exists, called Illites, which do not give rise neither to cation exchange nor to interlayer
swelling: their isomorphic substitutions mainly occur in the silica sheets, the compensating
cations being not exchangable potassium (K+) ions.
At last, as far as the two-layer clay minerals (Kaolinites) are concerned, they show a very
low degree of isomorphic substitutions, their basal spacing is not large enough to allow
exchangeable cations to be incorporated in the interlayer galleries, leading them to be
therefore adsorbed only on the external surfaces of the unit layers; moreover, they are
usually not expandible.
6.1.2 Organic modification of clay minerals aimed at the preparation of
clay/polymer nanocomposites
Despite the chemistry of polymers intercalated in suitably modified clays was studied also
in the past [148,149], their employment in the research of new and performing materials has
gained a central role since important results of the Toyota research group have been pub-
lished, in 1990-1993 [150–152]: they reported the preparation of Nylon 6-Montmorillonite
(a clay mineral of the Smectites group) nanocomposites, in which, at a suitably low clay
content, the clay was completely exfoliated, that is separated in its single unit layers,
in turn dispersed in the polymer matrix. Such nanocomposites exhibited remarkably im-
proved properties (higher strength, modulus and heat distortion temperature) with respect
to the pristine Nylon-6.
From this and following discovers, it phenomenologically resulted clear that a key factor
for the obtainment of such performing materials was the possibility of dispersing the poly-
mer and the inorganic components on a nanometric scale; the obtainment of a nanometric
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Figure 6.6: Schematic picture of intercalated and exfoliated polymer/clay nanocomposites.
dispersion with the consequent creation of a very large interface between the nano-sized
inorganic filler and the polymer, are the basic ideas common to the whole more general
category of nanocomposites (which can be prepared not only with clays but also with
nanosized particulate inorganic salts, as well as silica and carbon nanotubes, citing only
some examples).
Due to their sizes and morphology, clay minerals represent an optimum choice for the
preparation of nanocomposites: their platelets are usually disc-shaped, with a very small
thickness, about 1 nm, and a diameter ranging from 30 A˚ to several µm.
In dependence on the achieved extent of the polymer/clay dispersion, two different kinds
of polymer/clay nanocomposites can be prepared: (i) intercalated nanocomposites, where
the silicate is dispersed in aggregates of few unit layers, still stacked in a quite regular par-
allel arrangement, and the polymer is intercalated in the interlayer galleries; (ii) exfoliated
nanocomposites, where the clay unit-layers are individually dispersed into the polymer
matrix; a shematic picture of these two different types of nanocomposites is reported in
Figure 6.6.
Many different strategies have been developed for preparing polymer/clay nanocom-
posites, in which the polymer intercalation in the clay has been realized either in solution,
or by direct mixing at very high temperature, as well as through in-situ polymerization,
that is directly growing the polymer in the clay interlayer galleries [153, 154]. All these
different preparation methods require a preliminary modification of the clay: as described
in the previous section, all the clays, in their “native” states, exhibit a strong hydrophilic
character; this clearly prevents the clay from solving in organic media, as those employed
in most of the nanocomposite preparations, as well as its mixing with polymer matrices,
most of which being strongly hydrophobic.
The most common and consolidate treatment employed to change the clay character from
hydrophilic to organophilic consists in exchanging the clay interlayer cations with cationic
surfactants such as alkylammonium or alkylphosphonium cations [155, 156]; this ion ex-
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change leads to an increase in the interlayer distances and decreases the interlayer forces,
or, equivalently, the surface energy of the unit layers, thus facilitating the intercalation of
the polymer chains. Actually, the interplay of these clay/polymer interface interactions is
very complicated: as interestingly and critically highlighted in a recent paper [36], if the
increase in the interlayer distances and the decrease in the interlayer forces are surely nec-
essary to facilitate the polymer intercalation into the clay, the coating of the clay surface
with aliphatic chains, as those provided by the organic cations, sometimes can induce a
decrease in the polymer/clay interaction.
Only recently an alternative approach to the organic modification of clay minerals has
been proposed and applied: it consists in directly grafting organosilanes (usually chloro-
or alkoxy-silanes) onto the hydrophilic clays, by exploiting the reaction with their SiOH
groups; in this way, an organic chain, also bearing one or more functional groups, can be
attached through an Si-O-Si bond to the clay platelets [157–160]. This reaction has been
extensively used to obtain organically modified silica, then employed as fillers for polymer
matrices ( [111] and Chapter 5), while only few works have been reported concerning its
application to the preparation of organically modified clays: the main reason for that is the
relatively small amount of silanol groups present in the clay minerals. Indeed, especially in
clays of the Smectites group, the more attractive for the preparation of nanocomposites,
SiOH groups are considered to be almost mainly present onto the edges of the platelets,
where the necessarily occurring break of the sheets crystal structure often gives rise to
the formation of SiOH terminations. The low edge to surface area ratio of most of the
Smectites determines their low silanols content and the consequent difficulty of the sily-
lation reaction. On the other hand, some Smectites exhibiting an higher edge to surface
area ratio can be found, as Laponite, here investigated, which results to be an appealing
candidate for the grafting reaction of organosilanes.
Laponite is a synthetic trioctahedral clay, or, equivalently, layered silicate, of the Smec-
tites group, with empirical formula Na+0.7[Si8Mg5.5Li0.3]O20(OH)4]
0.7−, constituted by rel-
atively uniform disc-shaped platelets, with a 25-30 nm diameter and approximatively 1
nm thickness (www.laponite.com and ref [161]). As indicated by the formula, most of
the octahedral positions are occupied by Mg2+ cations, but some isomorphic substitutions
with Li+ cations occur as well as some positions remain vacant; this gives rise to an excess
of negative charge which is balanced by Na+ cations, adsorbed on the platelets surface
(Figure 6.7). In water, Laponite gives rise to interlayer swelling, the water molecules being
intercalated in the interlayer galleries, while in non polar liquids, as well as in the solid
state, the clay platelets tend to be stacked in tactoids, which can interact through edge to
face interactions.
X-ray diffractions measurements demonstrate that the small dimensions of the Laponite
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platelets, if compared with those of other Smectites, determine a certain amorphous char-
acter, resulting in a not well ordered parallel piling up of the platelets themselves [158]. On
the other hand, considering that the platelet thickness is almost the same for all the Smec-
tites, the small diameter of the Laponite platelets makes its edge to surface area ratio very
high, if compared with most of the other clays of the same group. As already said, being
the silanol groups mainly located at the platelet edges, this should correspond to a pecu-
liar high silanol content2, which makes Laponite an ideal candidate for the alkoxysilane
grafting reaction. Indeed, recent papers reporting the successfull grafting of alkoxysilanes
onto Laponite have been published [157–160], together with first attempts of preparing
polymer nanocomposites, or by emulsion polymerization [157] or by further reaction of
the alkoxysilane with polymerizable groups [160].
6.2 Materials and aims
The study here reported consists in a characterization, by means of multinuclear solid-
state NMR, of Laponite in its untreated, hydrophylic and two different organically modified
forms [162].
Within a research project aimed at the preparation of Laponite/Polyethylene nanocom-
posites, Laponite has been subject to a double organic modification treatment, consisting
first in a ion exchange leading to the intercalation of an alkylammonium cation surfac-
tant, then in a grafting reaction onto the clay platelets of an alkoxysilane containing a
polymerizable group, subsequently employable in nanocomposites preparation (following
the same idea applied for preparing the Polyethylene/silica composites, whose characteri-
zation has been reported in Chapter 5). To our best knowledge, the possibility of such a
double organic modification is still quite unexplored, only one report having been recently
published concerning a double modification of Laponite, achieved by a different method,
which also includes some solid-state NMR results [163].
In Figure 6.7 and 6.8 a schematic illustration of Laponite and the chemical formulae
of the employed double chain surfactant dimethyldioctadecylammonium chloride (2C18)
and of the alkoxysilane (3-(trimethoxysilyl)propylmethacrylate - TSPM), are reported,
respectively.
Through the employment of multinuclear mono- and two-dimensional high-resolution
techniques, as well as 1H-FID analysis, we tried to obtain a deep characterization of the
doubly modified clay (Laponite-TSPM) with the aim of verifying and clarifying the results
2Quantitative determinations of the silanol content have been attempted and approximative values of
0.50-0.55 mmol/g have been obtained, even if affected by a strong degree of uncertainty [159,160].
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Figure 6.7: Schematic illustration of Laponite. On the right an expansion of a platelet is repre-
sented, in order to show the clay crystal structure.
Figure 6.8: Chemical structure of the double chain dimethyldioctadecylammonium cation and
TSPM.
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Figure 6.9: 29Si-CP/MAS spectra of a) Laponite RD, b) Laponite-2C18, c) Laponite-TSPM,
acquired at a MAS frequency of 6 kHz. In the inset a vertical expansion of the spectrum of
Laponite-TSPM is reported, in order to show the T silicon signals.
of the double organic modification of the clay, with particular regard to the investigation of
the interfacial interactions between the clay and the different species present at its platelets
surface. Especially to this aim, the study was performed on the three “steps” of the
Laponite modification: the untreated clay (Laponite RD), the organic cation exchanged
one (Laponite-2C18), and, as already said, the doubly modified clay (Laponite-TSPM).
The experimental details of sample treatments as well as their X-Ray Diffraction,
Fourier Transform Infrared Spectroscopy, Scanning Electron Microscopy and Thermo-
gravimetric Analysis characterizations, all performed by the group of Prof. Ruggeri (Di-
partimento di Chimica e Chimica Industriale, Universita` di Pisa, Pisa, Italy), are reported,
together with the solid-state NMR experimental details, in the end of the chapter (Sec-
tion 6.5).
6.3 Results and Discussion
6.3.1 29Si
In Figure 6.9 the 29Si-CP/MAS spectra of Laponite RD, Laponite-2C18 and Laponite-
TSPM are shown. All the spectra are clearly dominated by an intense signal, resonating
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at -94.7 ppm, which is straightforwardly assigned to the Q3 Si(OMg)(OSi)3 silicon nuclei
forming the two silica tetrahedral layers of the Laponite particles: this signal is substan-
tially the same in the three spectra, indicating that, from the NMR point of view, the
abundant Q3 silicons are almost unaffected by the two successive Laponite treatments. A
larger linewidth is observed for Laponite RD, which is compatible with the known amor-
phous character of the clay [158] and, consistent with the X-ray diffraction measurements
(Section 6.5), which can be ascribed to a certain disorder in the platelets arrangement pos-
sibly related to the major water content of Laponite RD with respect to Laponite-2C18 and
Laponite-TSPM (as evidenced by TGA results, see Section 6.5). In all the three spectra
an additional small and asymmetric signal is observable at about -85.5 ppm, ascribable to
Q2 silicons, whose assignment will be more extensively discussed in the following.
While in the spectrum of Laponite-2C18 no additional signals are observed with respect
to that of Laponite RD (the Na+/2C18 ion exchange is indeed not expected to alter the
distribution of the different silicon sites), in the spectrum of Laponite-TSPM three addi-
tional signals, resonating at about -47, -56 and -66 ppm, are observed, which are assigned
to T1, T2 and T3 TSPM silicons, respectively. The appearance of these T silicon signals
confirms the occurrence of the condensation reaction between Laponite-2C18 and TSPM,
in agreement with the IR and TGA results. On the other hand, the absence of a T0
signal indicates the complete removal of unreacted TSPM molecules. Considering that
the occurrence of a tridental anchoring of a TSPM molecule to Laponite silanols can be
considered substantially unlikely, the presence of T3 and, in part, T2 signals, should arise
from condensation reaction occurring among different TSPM molecules and giving rise
to a siloxane network connecting different clay platelets. The presence of these siloxane
oligomers has been already suggested in the case of bare Laponite functionalized with tri-
alkoxysilanes [157], as well as for TSPM grafted silica (Chapter 5 and [111]). Differently
from what observed in the 29Si spectra of alkoxysilane-funtionalized Laponites reported in
literature, where only T2 and T3 signals were detected, in our case the occurrence of the
additional T1 signal indicates the presence of a certain amount of mono-anchored TSPM
molecules. A very schematic picture, aimed to only illustrate the TSPM grafting and
autocondensation, is reported in Figure 6.10.
As above mentioned, an asymmetric signal is observed in all the spectra at about -
85.5 ppm, whose shape and intensity is different for the differently treated Laponites.
In the spectrum of Laponite RD (Figure 6.9-a) only a broad signal is observed: in the
literature this signal has been assigned to Q2 silicon nuclei, often referred to as uncon-
densed silicons, which are considered to be mostly present as Si(OMg)(OSi)2(OH) silanols,
especially occurring at the clay particle edges [157, 159, 160, 163, 164]. This signal has
been previously found to decrease as a consequence of the reaction of Laponite RD with
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Figure 6.10: Schematic picture of TSPM oligomers grafted onto the clay platelet edges. The
molecular dimensions are intentionally exaggerated in order to highlight the oligomers structure.
alkoxysilanes [157,159,160,163]. In our case, the intermediate treatment consisting in the
Na+/2C18 ion exchange gives rise to a Q2 signal formed by two clearly distinguishable
components with chemical shifts of about -84.4 and -86.5 ppm (Figure 6.9-b). After the
functionalization reaction with TSPM, the intensity of the component at -84.4 ppm results
substantially decreased (Figure 6.9-c). This strongly suggests that the two signals arise
from two different Q2 silicon species present in Laponite-2C18, only one of them being
involved in the reaction with TSPM. In order to clarify this point, obtaining more quanti-
tative results, we acquired 29Si-SPE/MAS spectra on Laponite-2C18 and Laponite-TSPM
(Figure 6.11). The deconvolution of these spectra shows that the signal intensities for
the three signals at about -94.7, -86.5 and -84.4 ppm are, respectively, 82, 7 and 11% in
Laponite-2C18, and 91, 6 and 3 % in Laponite-TSPM, where the percentages are normal-
ized over the sum of Q signals. On one side, this indicates that about 9 % of Laponite
silicons transforms from Q2 to Q3 as a result of condensation processes following the treat-
ment with TSPM. On the other side, it must be noticed that the Q2 silanols involved in
the condensation process are almost exclusively those contributing to the signal at about
-84.4 ppm. It is therefore reasonable to assign the signal at -84.4 ppm to the silanol sil-
icon nuclei present on the Laponite platelet edges and involved in the reaction with the
TSPM, while that at -86.5 ppm should arise from uncondensed silicon nuclei not accessible
to the alkoxysilane agent, present as either surface silanols located in the inter-platelets
galleries or bonded to incompletely coordinated oxygen anions, present as lattice defects,
directed inside or outside the clay platelets. The difficulty in resolving these two signals in
Laponite RD is probably due to the already discussed higher structural disorder induced
by the presence of water, resulting in broader 29Si peaks. A further point that is worth
discussing concerns the intensity of the 29Si TSPM signals: indeed, the amount by which
the intensity of the Q2 signal at -84.4 ppm decreases following TSPM treatment should
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Figure 6.11: 29Si-SPE/MAS spectra of a) Laponite-2C18 and b) Laponite-TSPM, acquired at a
MAS frequency of 6 kHz.
quantitatively correspond not only to the increase of the Q3 signal, shown above, but
also to the intensity of the T signals, even though for the latter it is difficult to define
the expected value, because it will be strongly dependent on the degree of TSPM self-
condensation. The total integral of the T signals is hardly detectable in the SPE/MAS
spectrum: its value is, however, surely less than that predicted in the limit case of absence
of TSPM self-condensation, thus suggesting the occurrence of some condensation reactions
directly among clay edge silanols.
6.3.2 1H-MAS
In Figure 6.12 the 1H-MAS spectra of the three samples are reported. In the spectrum
of Laponite RD (Figure 6.12-a) two signals are observed, resonating at 0.4 and 4.4 ppm.
The first one can be assigned to the protons of the MgOH groups, contained in the octa-
hedral layers of the Laponite platelets; a similar signal, resonating at 0.35 ppm has been
observed for a synthetic Hectorite. The most intense signal at 4.4 ppm has to be ascribed
to water, either adsorbed on the outer platelets surface or intercalated between them.
The signal due to clay silanol protons, involved in hydrogen bonds with water, is undistin-
guishable from that of water [87, 91, 165]. A broad line is present in the 1H-MAS spectra
of Laponite-2C18 and Laponite-TSPM, only partially resolved in spinning sidebands, re-
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Figure 6.12: 1H-MAS spectra of a) Laponite RD, b) Laponite-2C18, c) Laponite-TSPM, acquired
at a MAS frequency of 6 kHz. In spectra b) and c) a broad line has been suppressed by removing
the first 100 µs of the FID prior to Fourier transform.
sulting from an incomplete MAS averaging of the homonuclear dipolar coupling, arising
from the most tightly dipolarly coupled protons of the samples, mostly due to the 2C18
chains. Apart from this broad line, which in the spectra shown (Figures 6.12-b, c) has
been removed by data processing, the 1H-MAS spectra of Laponite-2C18 (Figure 6.12-b)
and Laponite-TSPM (Figure 6.12-c) are both characterized by three main narrow signals,
heavily superimposed, centered at about 0.4, 1.1 and 1.5 ppm. These narrow lines arise
from protons experiencing minor dipolar couplings, efficiently averaged out by MAS, and
can be mostly assigned to MgOH, 2C18 chains in mobile environments, and clay silanols,
respectively. The signal at 4.4 ppm is no longer present in both spectra, according to the
TGA results which indicate a strong reduction in the water amount as a consequence of the
ion exchange process. The large shift experienced by the clay silanol protons passing from
Laponite RD to Laponite-2C18 is expected as a consequence of water removal [91,165]. In
the 1H-MAS spectrum of Laponite-TSPM the contributions of the TSPM protons are not
clearly recognized, apart from two small and quite broad peaks resonating at 5.6 and 6.3
ppm, arising from alchenilic methylene protons, already observed in the 1H-MAS spec-
trum of TSPM-grafted silica (Chapter 5 and ref. [111]). This is probably due to the small
TSPM concentration, to partial line overlaps with more intense signals, as well as to their
main contribution to the broadest spectral line, in agreement with the rigid environment
experienced by TSPM molecules after condensation. Even if quantitative information
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Figure 6.13: 2D 1H-29Si HETCOR maps of: (a) Laponite RD, (b) Laponite-2C18, acquired at
a MAS frequency of 6 kHz. The correlation peaks, labelled by roman numbers in the map, were
sampled at different threshold values for the sake of clarity: in (a) the maximum peak intensity
(in a. u.) is 100 in I, 7 in II, and 4.4 in III; in (b) it is 100 in I, and 8.1 in II.
cannot be reliably obtained by 1H-MAS spectra, it is worth to notice that the intensity
ratio between the signals at 1.5 and 1.1 ppm decreases on passing from Laponite-2C18 to
Laponite-TSPM, in agreement with the decrease of the number of silanol protons, involved
in condensation reactions.
6.3.3 1H-29Si HETCOR
Trying to obtain additional information on the different silicon sites present in the three
samples, 1H-29Si HETCOR spectra have been acquired (see Figure 6.13). This two-
dimensional technique allows the signals of dipolarly coupled 1H and 29Si nuclei to be
correlated. The intensity of the cross peaks in the HETCOR map is higher for strongly
dipolarly coupled nuclei: therefore, the most significant correlations involve 1H and 29Si
nuclei that are both spatially close and in a quite rigid environment.
In the maps of all the three samples the most intense cross peak correlates Q3 silicons
and MgOH protons, as already observed for a synthetic Hectorite [166]. The abundance
of both the Q3 silicons and the MgOH protons, together with their spatial proximity and
restricted mobility, contribute to build up the observed strong dipolar interaction.
In the Laponite RD map (Figure 6.13-a) another cross peak correlates the broad Q2 silicons
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signal (at around -85.5 ppm) with the proton signal resonating at 4.4 ppm, in agreement
with their assignment to the clay silanol silicons, and water and hydrogen bonded silanol
protons, respectively. A cross peak correlating clay silanol silicons and MgOH protons is
also present.
In both the Laponite-2C18 (Figure 6.13-b) and Laponite-TSPM (data not shown) maps
the Q2 silicons appear to be correlated with proton signals resonating at two slightly dif-
ferent values of chemical shift, and, moreover, it seems possible to distinguish different
correlations for the two different Q2 signals, previously detected from 29Si spectra. In
particular, the signal at -84.4 ppm, previously assigned to the clay edge silanol silicons, is
correlated with a proton signal resonating at a slightly higher chemical shift than that with
which the signal at -86.5 ppm, assigned to uncondensed silicons not accessible by TSPM,
is correlated. The intrinsic problems present in the processing of the HETCOR data in
the proton dimension, connected with the absence of certain reference frequencies and
FSLG scaling factors, prevent us from establishing precise values for the chemical shifts of
these two proton signals without performing any a priori assumption. However, it seems
reasonable that the signal at higher chemical shift could correspond to silanol protons,
and the other to 2C18 chain protons. This would be in agreement with the interpretation
of both 29Si and 1H monodimensional spectra and, in particular, would strongly support
the assignment of the two types of 29Si Q2 signals to edge silanol silicons and uncondensed
unaccessible silicons.
6.3.4 1H-FID analysis
The results of the 1H-FID analysis performed on the three Laponite samples are reported
in Table 6.1, and an example of FID analysis is given in Figure 6.14.
The 1H-FID of Laponite RD is well reproduced by a linear combination of a Gaussian
function (weight = 18.5%, T2 = 73.6 µs) and an exponential function characterized by a
weight of 81.5% and a T2 about one order of magnitude longer than the Gaussian one. In
this sample at least two different sources of protons are present: the physisorbed water
and the clay hydroxyl groups (MgOH and SiOH). It seems reasonable to associate the
Gaussian FID component to the clay hydroxyl protons (mainly MgOH protons) and the
exponential one to the water protons and, perhaps, to the water-hydrogen bonded silanol
protons. Indeed MgOH protons, located inside the octahedral layers of the clay platelets,
are expected to be in a motionally restricted environment with respect to water protons.
This interpretation is in excellent agreement with the integrals of the two peaks observed
in the 1H-MAS spectrum (82% for the peak at 4.4 ppm and 18% for that at 0.4 ppm).
As far as Laponite-2C18 and Laponite-TSPM are concerned, their 1H-FIDs appear quite
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Sample 1st component 2nd component 3rd component
f T2 [µs] wt% f T2 [µs] wt% f T2 [µs] wt%
L RD G 73.6± 0.7 18.5± 0.2 E 616.8± 0.8 81.5± 0.1
L-2C18 G 15.8± 0.1 42.1± 0.4 W 51.1± 0.6 49.4± 0.3 E 182± 5 8.5± 0.4
n = 1.12
L-TSPM G 16.1± 0.1 49.2± 0.3 W 47.3± 0.4 44.7± 0.3 E 210± 5 6.1± 0.2
n = 1.12
Table 6.1: 1H-FID analysis results for Laponite RD (L RD), Laponite-2C18 (L-2C18) and
Laponite-TSPM (L-TSPM). For each function (f), Gaussian (G), Weibullian (W ) and exponen-
tial (E), proton transverse relaxation time (T2) and weight percentage (wt%) are reported. The
uncertainties on the reported values are the standard deviations for the individual best-fitting
parameters, as obtained from the fitting procedure.
Figure 6.14: 1H-FID analysis of Laponite-TSPM. (a) Experimental and best-fit calculated FIDs.
(b) Best-fit Gaussian (solid line), Weibullian (dashed-dotted line) and exponential (dashed line)
functions. Only the first 500 points of the FID are shown.
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similar between themselves and substantially different from that of Laponite RD. They are
both well reproduced by the same set of three functions: a short-T2 (≈ 16 µs) Gaussian,
an intermediate Weibullian with a T2 of about 50 µs and n=1.12, both with a 40-50 weight
%, and a much smaller exponential with a longer T2 (about 200 µs ) (see Table 6.1). First
of all, it is worth noticing that in both Laponite-2C18 and Laponite-TSPM FIDs the long
T2 (600 µs) exponential function is no longer present, confirming that this component
has to be mainly ascribed to water protons. Since in both these samples most of the
protons belong to the 2C18 cations intercalated among the clay platelets, they must be
the main responsible for both Gaussian andWeibullian components. Clay SiOH groups (no
longer hydrogen bonded) should instead contribute to the exponential function: indeed,
after the reaction with TSPM, involving condensation of a fraction of silanols, the weight
percentage of this function decreases by 2.4%. In Laponite-TSPM, the slight transfer of
population from Weibullian to Gaussian functions can be probably interpreted as due to
the contribution of TSPM protons, which, therefore, would be in a restricted motional
regime, in agreement with the formation of bridges between clay platelets by means of
oligomeric structures.
6.3.5 13C
With the aim of gaining some additional insights about the arrangement and the conforma-
tional properties of the intercaled alkylammonium ions and the grafted TSPM molecules,
13C-CP/MAS spectra on both Laponite-2C18 and Laponite-TSPM samples were acquired
(Figure 6.15).
Solid-state 13C-NMR spectroscopy has been successfully employed in the investigation
of the conformational properties of long chain organic cations, variously interacting with
inorganic substrates; for instance, some recent studies have concerned the organic chains
arrangement of alkylammonium ions either forming self assembled monolayers on partially
delaminated mica particles surface [167], confined in MCM-41 channels [123] or interca-
lated in several smectites [168,169].
The assignment of the Laponite-2C18 13C-CP/MAS spectrum is quite straightforward and
in agreement with previous literature data [167]. C1 and C2 (Figure 6.8), resonating in the
regions 50-55 and 65-70 ppm, respectively, show broad lines and an asymmetric doublet
shape, which must be ascribed to the 14N quadrupolar effect on the 13C-14N dipolar inter-
action [170]. An additional contribution to the line broadening of these signals could also
arise from the reduced mobility of these groups, due to their proximity to the polar head
of the cation interacting with the clay surface [123,167]. C18 and C19 resonate at 24.5 and
15.2 ppm, respectively; the chain terminal methyl carbons (C19) signal shows a low chem-
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Figure 6.15: 13C-CP/MAS spectra of a) Laponite-2C18 and b) Laponite-TSPM, acquired at a
MAS frequency of 6 kHz.
ical shift value, if compared with that observed for similar alkylammonium salts in bulk
form (15 ppm instead of 18 ppm): this is a common feature of the alkylammonium ions in-
tercalated in clays or, more generally interacting with inorganic substrates [123,167–169],
as well as of alkylic monolayers with methyl groups exposed at the organic-air interface
( [116, 124, 125] and Chapter 4). The C3-C17 methylene carbons give rise to two distin-
guishable signals, resonating at 33 and 31 ppm, assignable to chains in the rigid all-trans
and in the disordered trans-gauche conformation, respectively, due to the well known γ-
gauche effect.
In the 13C-CP/MAS spectrum of Laponite-TSPM, all the cation signals resonate at ap-
proximately the same chemical shifts observed in the spectrum of Laponite-2C18; some
additional weak signals ascribable to TSPM carbons, and therefore confirming the occur-
rence of the silylation reaction, can be detected at about 9, 18, 125, 137 and 169 ppm,
corresponding to C2, C7, C8, C6 and C5 [157]. However, the most significant and in-
teresting effect of the silylation reaction of Laponite-2C18 concerns the intensity ratio of
the two signals arising from the C3-C17 carbons of the cation alkyl chains: in fact, while
for Laponite-2C18 they experience an almost 1:1 ratio, in the Laponite-TSPM CP/MAS
spectrum the signal due to disordered trans-gauche conformations (31 ppm) becomes defi-
nitely more intense than that ascribed to ordered all-trans conformations (33 ppm). Even
if absolute quantitative considerations cannot be drawn by the 13C-CP/MAS spectra, the
comparison between the spectra of the two samples, acquired at the same contact time,
reliably indicates that in Laponite-TSPM a much larger fraction of surfactant chains ex-
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periences fast trans-gauche interconformational jumps.
Before discussing this difference in the conformational properties of the surfactant
molecules intercalated in the two differently modified Laponites, it is worth to discuss
the results of the X-ray diffraction measurements (reported in Section 6.5). Passing from
Laponite RD to Laponite-2C18, the clay basal spacing is observed to increase from 15.9 A˚
to 21.3 A˚ , in agreement with the occurrence of the intercalation of the quaternary ammo-
nium salt between the Laponite platelets. The 21.3 A˚ value found for Laponite-2C18 is in
agreement with literature data [169] and, considering the 9.6 A˚ intrinsic thickness of a sin-
gle Laponite platelet, the effective gallery height available for the intercalated surfactant
can be estimated to be 11.7 A˚ . Even though, to the best of our knowledge, previous X-ray
diffraction data for double chain surfactants intercalated in Laponite are not available,
for an analogous dioctadecyldimethyl ammonium salt in the crystalline state, where the
alkyl chains are arranged in the all-trans conformation, the longest molecular axis length
has been reported to be 26 A˚ [167, 171]. Therefore, it is clear that, in this case, as al-
ready found for single chain ammonium surfactants [168,169], a perpendicular orientation
of the surfactant with respect to the clay platelet surface must be ruled out. Moreover,
from the value of 24 A˚2 reported for the cross-sectional area of a rigidly packed all-trans
alkyl chain [169], a maximum diameter of 11.2 A˚ can be estimated for the double-chain
surfactant here employed, which is only slightly smaller than the 11.7 A˚ value found for
the gallery height, thus ruling out the possibility of a bilayer arrangement and suggesting
a parallel arrangement of the cation alkyl chains with respect to the clay platelet surface.
In this sense the coexistence of all-trans and trans-gauche conformations, highlighted by
the 13C-CP/MAS spectra, results to be particularly plausible and, besides, not surprising:
many studies, especially based on solid-state 13C-NMR spectroscopy, have been reported
concerning the distribution between the ordered all-trans and the disordered trans-gauche
conformations for alkyl chains of surfactant cations intercalated in different kinds of clays,
as well as dispersed and confined in different inorganic matrices [123, 167–169]. In spite
of the difficulty in establishing general rules, due to the strong dependence on the system
features and their wide variety, the alkyl chains conformational properties turn out to be
strongly dependent on temperature, surfactant properties (number and length of the alkyl
chains) as well as on clay features (platelets size and interlayer charge). In this case the
presence of chain fractions experiencing trans-gauche interconformational jumps indicates
a quite scarce constraining exerted by the clay, which can be ascribed both to the low
charge density of the interlayer surface [168] and to the already cited quite amorphous
character of the clay.
After the TSPM grafting reaction, the clay basal spacing is observed to decrease to 17.9 A˚,
value which appears incompatible with an ordered all-trans arrangement of the cation alkyl
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chains in the interlayer galleries. Moreover, the Laponite-TSPM diffraction peak results
to be more distributed with respect to that of Laponite-2C18, indicating an increased dis-
order of the clay structure, as a consequence of the TSPM grafting reaction, and, from
the 13C-CP/MAS spectrum it is evident the increase of the disordered fraction of cation
chains experiencing fast trans-gauche interconformational jumps.
These results must be interpreted together with those obtained from the 29Si-NMR spec-
tra, which indicated the formation of TSPM oligomers connecting different platelets.
A possible picture of the whole Laponite-TSPM system, which could account for all
these results, can be hypothesized: the TSPM grafting reaction on the edges of the
Laponite platelets seems to be not homogeneous, and in particular the formation of silox-
ane oligomers connecting different clay platelets could give rise to a quite disordered disks
arrangement, in which they are on average pushed closer, and, at the same time, partly
twisted one with respect to the other. This hypothesis, in agreement with the tendency of
Laponite to establish edge-to-face interactions, would explain in particular why a notice-
able fraction of surfactant molecules in Laponite-TSPM is less constrained in the inter-
platelets spaces and could experience fast trans-gauche interconformational jumps.
6.4 Conclusions
The combined use of a wide ensemble of multinuclear (29Si, 13C, 1H) solid-state NMR ex-
periments, with the support of the results obtained by TGA, FT-IR, X-ray diffraction and
SEM analyses, allowed an extensive characterization of the untreated, mono and doubly
modified Laponite to be obtained.
From a chemical point of view, it has been possible to verify and clarify the occurrence
of the alkoxysilane grafting reaction onto the cation exchanged clay, as far as both the
modifications induced on the clay and those occurring to the alkoxysilane were concerned.
In particular, for the first time, it has been possible to clearly identify and distinguish, on
the basis of their 29Si chemical shift, two kinds of Q2 silicons of Laponite: silanol silicon
nuclei present on the Laponite platelet edges, which give rise to condensation reactions,
and uncondensed silicon nuclei not available for condensation reactions. As far as the
TSPM is concerned, as already reported in literature, it resulted to react with the SiOH
groups present on the clay platelet edges, forming alkoxysilane oligomers, which likely
connect different clay platelets.
From a chemico-physical point of view, it has been possible to obtain information con-
cerning the dynamic properties of the species present at the clay platelets surface, in all
the three different clay forms, and, in particular, on the changes induced by the TSPM
grafting reaction on the conformational properties of the intercalated organic cations.
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The ensemble of all these NMR results, and especially of the X-ray diffraction measure-
ments, allowed us to draw an hypothetical “picture” of the doubly modified Laponite-
TSPM: the TSPM grafting reaction probably occurs in a quite dishomogeneous way, the
platelets are therefore kept together by alkoxysilane molecules or, more likely, by short
alkoxysilane oligomers, which on one side bring closer two adjacent platelets, but on the
other side twist them one with respect to the other; this confers the higher conformational
freedom to the organic cation chains, but also seems to favour inter-platelets interactions,
resulting in a non-negligible degree of self-condensation among silanols at the platelet
edges.
These results encourage the application of such a multinuclear and multi-experiment solid-
state NMR approach to the aim of deepening the molecular knowledge of the clay proper-
ties, and especially of their modification in consequence of different chemical treatments;
as far as the Laponites here investigated are concerned, the next development will consist
in the extension of a similar NMR approach to the investigation of Polyethylene/Laponite
composites, for the preparation of which the double organic modification was designed
and performed.
6.5 Experimental
Samples
Laponite RD (Rockwood Additives, UK) has been modified by cation exchange with a
long double-chain ammonium ion, dimethyldioctadecylammonium chloride (2C18, Fluka)
and then by grafting with 3-(Trimethoxysilyl)propyl methacrylate (TSPM, Fluka).
Synthesis of Laponite-2C18
In a three-neck flask equipped with magnetic stirrer, thermometer, dropping funnel and
dropping cooling, 2 l of H2O was added. 10.0 g of Laponite RD was added at a tem-
perature of 60 ◦C by constantly and vigorously stirring the solution. The suspension
was further stirred for 1 hr and then 500 cc of aqueous saturated solution (4.6 g/l) of
dimethyldioctadecylammonium chloride (2C18) was added. The mixture was stirred for
21 hours, filtered under vacuum and washed with three portions of water (3 x 1 l) in order
to remove all excess of 2C18. The organoclay so obtained (Laponite-2C18) was freeze-dried
and characterized.
167
Synthesis of Laponite-TSPM
In a three-neck flask equipped with magnetic stirrer, thermometer, dropping funnel and
dropping cooling, 60 cc of a 95/5 vol/vol Ethanol/H2O solution and 9 cc of 3-(Trimethoxysilyl)
propyl methacrylate (TSPM) were introduced. This mixture was stirred for 1 hour to
favour the hydrolysis of TSPM. 4.9 g of Laponite-2C18 was added and the suspension
was stirred at room temperature for 4 days. It was then filtered under vacuum and ex-
tracted with chloroform in Soxleth for 8 hours to remove unreacted TSPM and possible
polymethacrylate. The modified organoclay so obtained (Laponite-TSPM) was collected,
dried and characterized.
Samples characterization
Characterization methods
FT-IR spectra were recorded on a Perkin Elmer FT-IR 1760-X spectrometer on powder-
pressed KBr pellets. Low angle X-ray diffraction measurements were carried out using a D
500/501 Siemens Kristalloflex 810 diffractometer with a CuK α source (λ = 0.15406 nm).
Scanning Electron Microscopy (SEM) was performed on a Jeol JSM T-300 microscope.
Thermogravimetric analyses (TGA) were carried out on a Mettler Toledo TGA/STDA851
at a heating rate of 10◦C/min from 25◦C to 600◦C under nitrogen flow.
Characterization of Laponite-2C18
The presence of the ammonium salt in Laponite-2C18 could be identified by comparing
the FT-IR spectra recorded on Laponite RD, Laponite-2C18 and 2C18 (see Figure 6.16).
The spectrum of Laponite-2C18 (Figure 6.16-d) reveals three additional bands (2929, 2851
and 1468 cm−1) with respect to that of Laponite RD (Figure 6.16-c), ascribable to C-H
asymmetric and symmetric stretching and bending of 2C18 alkyl chains. The band at 3687
cm−1, arising from O-H stretchings of SiOH and MgOH groups [159], is better resolved
in the spectrum of Laponite-2C18 due to the decrease in the intensity of the partially
overlapped broad peak at about 3500 cm−1, ascribable to the O-H stretching of water
molecules [172], in agreement with the organophilic character of Laponite-2C18.
From a morphologic SEM analysis, a not homogeneous distribution of the particle dimen-
sions has been observed for both Laponite RD and Laponite-2C18, but the particles of the
latter present a much rougher surface as a result of the treatment with 2C18.
The thermogravimetric analysis of Laponite RD (see Figure 6.17) shows a weight loss with
an onset temperature of about 72◦C, due to water weakly bonded to the clay. In the case
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Figure 6.16: Infrared spectra of: (a) 2C18, (b) TSPM, (c) Laponite RD, (d) Laponite-2C18,
(e) Laponite-TSPM.
of Laponite-2C18, the water content results strongly reduced, while a degradation step
with an onset temperature of about 340◦C is present, ascribable to the alkyl ammonium
salt present in the modified clay, whose amount was estimated to be 24.9 wt %.
Characterization of Laponite-TSPM
The comparison of the FT-IR spectra of Laponite-TSPM, Laponite-2C18 and TSPM (see
Figure 6.16) confirms the occurrence of TSPM grafting to the clay. In the spectrum of
Laponite-TSPM (Figure 6.16-e) the band at 1632 cm−1 is ascribable to the C=C stretching
vibration, even though it overlaps with a band already present in bare laponite. Moreover,
a band, attributed to carbonyl groups of the silane moiety forming hydrogen bonds with
hydroxyls present on the surface of the clay platelets, is present at 1708 cm−1, shifted with
respect to that observed in the spectrum of pure TSPM (1720 cm−1), arising from non-
bonded carbonyls [159]. The thermogravimetric analysis of Laponite-TSPM (Figure 6.17)
does not show the degradation step observed for pure TSPM (onset temperature of 99◦C,
not shown), confirming that unreacted TSPM has been completely removed. The degrada-
tion step ascribable to TSPM is clearly overlapped with that due to the alkyl ammonium
cation. From the comparison with the dispersion curve of Laponite-2C18 the amount of
TSPM grafted to the clay has been estimated to be 1.7 wt %.
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Figure 6.17: Thermograms of Laponite RD (solid line), Laponite-2C18 (dashed line) and
Laponite-TSPM (dashed-dotted line).
X-Ray analysis of the three samples
In order to get an estimate of the influence of the two synthetic procedures on the clay
interlamellar distances we have performed an X-ray analysis of the three Laponite samples.
In Figure 6.18 the X-ray diffractograms of Laponite RD, Laponite-2C18 and Laponite-
TSPM are shown. The main peak in the diffraction patterns is attributed to the basal
spacing d; it occurs at 2θ angles of 5.54, 4.15 and 4.92 degree, corresponding to d values of
15.9, 21.3 and 17.9 A˚ for Laponite RD, Laponite-2C18 and Laponite-TSPM, respectively.
Solid-state NMR
29Si-, 13C- and 1H-Magic Angle Spinning (MAS) NMR spectra were recorded on the
double-channel Varian InfinityPlus 400 spectrometer in Pisa, equipped with a 7.5 mm
Cross-Polarization (CP)-MAS probehead, working at 399.89 MHz for proton, at 79.44
MHz for silicon-29 and at 100.75 MHz for carbon-13. 1H, 13C and 29Si 90◦ pulse lengths
were always between 4.0 and 5.0 µs. All the 13C- and 29Si-NMR spectra were recorded
under high-power proton decoupling conditions. 29Si-CP/MAS spectra were recorded for
all the samples with a MAS frequency of 6 kHz, a recycle delay of 3 s and a contact
time of 3 ms. In order to obtain quantitative results [160] 29Si-Single Pulse Excitation
(SPE)/MAS spectra were recorded for samples Laponite-2C18 and Laponite-TSPM with
a recycle delay of 180 s and a MAS frequency of 6 kHz. The 2D 29Si-1H FSLG-HETCOR
technique was applied using a contact time of 400 µs, 64-144 rows, and a MAS frequency
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Figure 6.18: X-ray diffractograms of Laponite RD (solid line), Laponite-2C18 (dashed line) and
Laponite-TSPM (dashed-dotted line).
of 6 kHz. 13C-CP/MAS spectra were recorded for samples Laponite-2C18 and Laponite-
TSPM with a MAS frequency of 6 kHz, a recycle delay of 3 s and a contact time of 1
ms. The 1H-MAS spectra were acquired at a MAS frequency of 6 kHz with a recycle
delay of 3 s. Low-resolution 1H experiments were carried out on the single-channel Varian
XL-100 spectrometer in Pisa, interfaced with a Stelar DS-NMR acquisition system and
equipped with a 5 mm probehead. These measurements were performed on-resonance on
static samples at a frequency of 25.00 MHz. Free Induction Decays were recorded for all
the samples using the solid-echo pulse sequence with a 90◦ pulse length of 2.6 µs, a recycle
delay of 2 s, an echo delay of 13 µs, a dwell time of 1 µs, acquiring 8192 points. All the
experiments were performed at a temperature of 25◦C, controlled to within ±0.1◦C.
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Chapter 7
Study of a polyorganophosphazene
employed as support for
catalytically active palladium
nanoparticles
Abstract
Polyorganophosphazenes (POP), inorganic polymers with general formula (–[N=PR2]n–),
have received much attention since sixties due to the interesting properties which arise
from the combination, in the same macromolecule, of organic substituents with an inor-
ganic backbone; while the organic groups reactivity is maintained and can therefore be
exploited, the inorganic backbone confers to polyorganophosphazenes high thermal stabil-
ity, flame resistance, elastomeric properties, biocompatibility, just citing some important
properties. Indeed, many different POP have been prepared and employed in the most
different fields, from photochemistry to biomedical applications. Only recently they have
been also employed as supports for catalytically active metal nanoparticles, whose effi-
ciency has been then successfully tested in several olefin reactions. In this study, by means
of 31P, 15N and 13C high-resolution solid-state NMR experiments we tried to character-
ize a polyorganophosphazene (polydimethylphosphazene) supported palladium catalyst;
by performing a parallel investigation on both the pristine polymer and that supporting
palladium nanoparticles, it has been possible to highlight the modifications induced into
the polymer matrix by the presence of the metal nanoparticles. Moreover, by repeating
the experiment on the polymer supported catalyst recovered after the catalytic run it has
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been possible to observe eventual modifications of the polymer features ascribable to it.
7.1 Introduction
Polyorganophosphazenes belong to that class of polymers which are commonly referred
to as inorganic polymers, due to the fact that their backbone is mainly constituted by
elements other than carbon. The general structural formula of polyorganophosfazenes
(POP) is (–[N=PR2]n–): their backbone is formed by alternating phosphorous and nitro-
gen atoms, each phosphorous bearing two organic substituents.
Since sixties, when Allock first reported the polymerization technique for obtaining poly-
dichlorophosphazene (–[N=PCl2]n–) [173, 174], from which most POP can be prepared,
these materials have received much attention and more than 250 different polymers have
been prepared, showing a large variety of properties and thus being employed in many
different applications [175, 176]. The most important feature of these polymers is the co-
existence, in the same material, of the organic substituents, whose properties are usually
maintained, with the inorganic backbone, which presents several advantages with respect
to the more common organic polymers. Citing only some examples ( [175] and references
therein), the inorganic backbone presents a higher thermal stability, especially towards
thermal oxydative processes; it is not subject to combustion, so conferring to POP, as
well as to other polymers suitably mixed or chemically bonded with them, good flame
resistance; moreover, it can easily decompose, by acidic or basic hydrolysis, to ammonia
and phosphates, so allowing the preparation of bio-compatible POP; at last, the –N=P–
backbone is very flexible, so determining the very low glass transition temperatures (Tg) of
many POP (the lowest being -96 ◦C, for polydifluorophosphazene), which can be therefore
employed as elastomers. The –N=P– bond, formally a double bond, actually has been
found, from X-ray diffraction measurements, to be absolutely equivalent to the adjacent
single bonds and therefore it has been explained with the presence of a σ bond, with a pi
contribution arising from the combination of the mono-occupied 2p orbital of nitrogen with
a 3d orbital of phosphorous: the possibility for the nitrogen 2p orbital of overlapping with
every 3d phosphorous orbital is considered the main reason for the POF backbone flexibil-
ity. As far as the organic substituents are concerned, beside their peculiar reactivity, they
also strongly affect the properties of the polymer: bulky R groups determine increased
Tg (as in the case of aryloxy-substituted POP, for example for –[N=P(OC6H4CH3)2]n–
Tg = +2 ◦C), symmetric substitutions with not too flexible R groups (as Me, Et, OPh) are
usually associated with microcrystallinity of the polymer and most R groups determine a
POP solubility in organic solvents, but a significant hydrosolubility can be achieved with
hydrophilic substituents.
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Figure 7.1: Structural formula of polydimethylphosphazene (PDMP).
7.2 Aims and Materials
In this study we applied solid-state NMR to investigate a polydimethylphosphazene (PDMP)
(Figure 7.1) supported palladium catalyst: in this system the polymer is employed as sup-
port for palladium nanoparticles, whose catalytic activity has been successfully exploited
in olefins reactions. Due to the peculiar and particularly good properties of metal nanopar-
ticles, distinct from those of both the bulk phase and isolated atoms and molecules, many
synthetic routes have been developed and applied for the preparation of metal nanopar-
ticles supported onto polymeric matrices [177]; in this field POP appear actractive, espe-
cially for the basic properties of the backbone nitrogen atoms, able to coordinate metal
atoms: POP supported ruthenium nanoparticles have been indeed prepared and suc-
cessfully employed as catalysts in hydrogenation of olefins, carbonyl and aromatic com-
pounds [178].
In this case the PDMP supported palladium catalyst has been prepared by means of the
Metal Vapour Synthesis (MVS) technique [179, 180]: palladium atoms are co-condensed
at low temperature (-196 ◦C) with an organic solvents mixture, the resulting solid ma-
trix is then warmed up giving rise to a solution of solvated metal atoms (SMA), which,
further warmed up in presence of PDMP, allows the deposition of active metallic nanopar-
ticles onto the polymeric support. Pd/PDMP catalyst so obtained has been character-
ized by High Resolution Transmission Electron Microscopy (HR-TEM), from which it has
been possible to observe a quite homogeneous distribution of Pd nanoparticles, in form
of spheroidal aggregates with a mean diameter of 4.5 nm, into the PDMP matrix. As
far as the catalytic activity is concerned, it has been successfully tested in Heck type
reactions [181], in which Pd/PDMP resulted more active than other commercially avail-
able catalysts widely employed. All the details of the synthesis and Pd/PDMP catalytic
activity tests, which have been performed by P. Pertici and coworkers (ICCOM-CNR
Pisa, Italy and Dipartimento di Chimica e Chimica Industriale, Universita` di Pisa, Italy)
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and HR-TEM analysis, performed by G. Matra and coworkers (Dipartimento di Chimica
IFM, Universita` di Torino, Italy) are included, together with solid-state NMR results, in
ref [182].
Despite their wide employment, in the literature solid-state NMR studies of POP are
relatively few. Deep investigations, carried out by means of low-resolution 1H-FID analy-
sis [183] and 31P, 13C and 14N high-resolution experiments, mainly aimed at the study of
the different phases, solid and liquid-crystalline, exhibited by several POP, have been re-
ported [184–190], while, as far as POP supported metal nanoparticles are concerned, only
a paper reporting 31P MAS spectra of ruthenium doped PDMP has been published [191].
With the present solid-state NMR study we therefore aimed at getting some insights into
the quite unexplored investigation of the structural and dynamic modifications which are
induced into the polymer (PDMP) matrix by the deposition of the metal (Pd) nanopar-
ticles. 13C, 31P and 15N high-resolution techniques have been employed allowing a quite
extensive characterization of the pristine PDMP, the composite Pd/PDMP catalyst and
the latter recovered after the catalytic run, to be obtained.
7.3 Results and discussion
7.3.1 31P
The 31P-SPE/MAS spectrum of PDMP (Figure 7.2-a) shows a superposition of at least
three peaks, resonating at about 11, 14 and 21 ppm, indicating that in this polymer there
are at least three different chemical environments felt by the phosphorous nuclei, in spite
of the presence of a single phosphorous atom per molecular unit. This behaviour has been
already observed for other POP, and it was ascribed to the coexistence of amorphous,
crystalline and/or interfacial phases [185, 187, 191]. However, a more careful analysis of
the spectrum, carried out by means of a spectral deconvolution procedure, revealed the
presence of four peaks resonating at 11.1, 14.2, 17.7 and 21.2 ppm (see Table 7.1).
Several experimental observations concur in attributing the peaks at 14.2, 17.7 and
21.2 ppm to rigid phases, and the one resonating at 11.1 ppm to a phase experienc-
ing a much higher molecular mobility. A first indication arises from the 31P-CP/MAS
spectrum (Figure 7.2-b) in which the signals at 14.2, 17.7 and 21.2 ppm are strongly
enhanced with respect to the 31P-SPE/MAS spectrum: due to the dependence of the
cross-polarization efficiency on the strength of the heteronuclear 1H-31P dipolar couplings,
the intensity enhancement of these signal suggests that the corresponding 31P nuclei are
located in rigid polymer fractions, in which the scarce molecular mobility determines only
a slight averaging of the dipolar couplings. Moreover this is in agreement with a noticeable
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Figure 7.2: Solid-state 31P-NMR spectra. SPE/MAS spectra of (a) PDMP, (d) Pd/PDMP,
(g) Pd/PDMP recovered after the catalytic run; CP/MAS spectra of (b) PDMP, (e) Pd/PDMP;
Delayed CP/MAS spectrum of (c) PDMP, (f) Pd/PDMP.
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Chemical shift Linewidth Intensity Type of phase
[ppm] [Hz] [%]
PDMP
11.1 465 43.5 amorphous
14.2 440 19.9 crystalline (a)
17.7 1120 22.9 interfacial
21.2 355 13.7 crystalline (b)
Pd/PDMP
7.6 550 43.0 amorphous
15.0 1160 57.0 rigid
Pd/PDMP recovered
7.6 385 40.7 amorphous
14.9 375 59.3 rigid
Table 7.1: Results of the spectral deconvolutions of 31P-SPE/MAS spectra.
chemical shift anisotropy, suggested by the quite intense spinning sidebands observed for
these signals (out of the spectral range reported in Figure 7.2), and with a short 1H-31P
cross-polarization time TPH (Subsection 1.4.3), as detected from variable contact time
CP experiments. On the contrary, the peak at 11.1 ppm does not exhibit these features,
thus pointing to assign it to more mobile fractions of the polymer; moreover, acquired
31P Delayed CP/MAS spectrum (Figure 7.2-c) further confirms this hypothesis: only the
peak resonating at 11.1 ppm is observed, indicating that the proton nuclei coupled with
the 31P nuclei originating this peak have quite long spin-spin relaxation times, as ex-
pected for mobile phases. A glass transition temperature of about -46 ◦C is reported for
PDMP [191], which therefore agrees with the presence of a mobile amorphous phase at
ambient temperature. Moreover, two different crystalline modifications were clearly iden-
tified for PDMP by X-ray [192]. Furthermore, the analysis of 31P spectra of poly[bis(4-
ethylphenoxy)phosphazene has revealed the presence of several peaks, the narrower ones
corresponding to crystalline and amorphous phases, and the broader one ascribed to an
interfacial phase [184]. Combining these results, an assignment of the four peaks present
in the 31P spectrum of PDMP can be attempted: the peak at 11.1 ppm undoubtedly arises
from the amorphous phase, while those at 14.2 and 21.2 ppm, exhibiting a quite small
linewidth, should correspond to the two crystalline phases, that we will call “a” and “b”,
respectively. The broader peak resonating at 17.7 ppm could in turns be ascribed to a
rigid, interfacial phase. The percentage of 31P nuclei belonging to the four different phases
can be calculated from the sum of the integrals of the central peaks and the corresponding
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spinning sidebands of the 31P-SPE/MAS spectrum, and they are reported in Table 7.1.
The 31P-SPE/MAS spectrum of Pd/PDMP (Figure 7.2-d) indicates a drastic change in
the chemical environments of all the 31P nuclei. Indeed, only two peaks are present in the
spectrum, resonating at 7.6 and 15.0 ppm. From the 31P-CP/MAS and Delayed CP/MAS
spectra (Figures 7.2-e and -f, respectively), by means of considerations similar to those
above reported for PDMP, the peak at 7.6 ppm can be easily assigned to a mobile, amor-
phous phase, and that at 15.0 ppm to a rigid one. Therefore, the introduction of Pd
nanoparticles in the polymer strongly affects the structural properties of the amorphous
phase, the corresponding 31P peak experiencing a shift of 3.5 ppm toward lower frequen-
cies, which was already observed for Ru-doped PDMP [191]. On the basis of previous
variable-temperature 31P NMR studies on polyphosphazenes, this behaviour can be as-
cribed to an increase of the conformational disorder of the amorphous phase [185, 186].
Also the rigid phases are strongly modified by the presence of Pd nanoparticles: a single
rigid phase is now observable, with a chemical shift much more similar to the PDMP crys-
talline phase a, but with a larger linewidth, similar to that of the PDMP peak previously
assigned to an interfacial phase. The percentages of the two phases in Pd/PDMP, again
calculated from the integrals of the 31P-SPE/MAS spectrum, are reported in Table 7.1,
and they indicate that the total amounts of amorphous and rigid phases did not change
with respect to the pristine polymer.
Finally, the comparison between the 31P-SPE/MAS spectra of Pd/PDMP and of the sam-
ple recovered after the catalytic run (Figures 7.2-d and -g, respectively) indicates that
no sensible structural changes take place for the polymer during the catalytic reaction
(two peaks are still present in the spectrum of the recycled sample resonating at 7.6 and
14.9 ppm, with integrals very similar to those of Pd/PDMP), but probably the dynamic
environments of the two phases experience a sensible change, as suggested by the observed
line narrowing, particularly noticeable for the rigid phase (see Table 7.1).
As a general comment, common to all the acquired 31P spectra, it is worth to highlight
that 31P-14N residual dipolar couplings, not completely removed by MAS, could contribute
to the observed 31P signals. Indeed, it is well known that the dipolar coupling between
a quadrupolar nucleus and a spin-12 nucleus is not removed by magic-angle spinning and,
in the case of a spin-12/spin-1 couple, its presence can be revealed in the spectrum of the
spin-12 nucleus by the appearance of an asymmetric doublet [193, 194]. As far as
31P-14N
residual dipolar coupling is concerned, a splitting of about 160 Hz has been observed in
the 31P-MAS spectra of several monophosphazenes (P(R3R’)N) [195], while for a spyro-
cyclotriphosphazene, in which, more similarly to our systems, each phosphorous atom is
bonded to two nitrogen atoms with bonds having character intermediate between single
and double, the 31P-MAS spectrum showed an asymmetric triplet with a maximum split-
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Figure 7.3: 15N-CP/MAS NMR spectra of (a) PDMP, (b) Pd/PDMP.
ting of about 500 Hz, in which the two side peaks resulted to be much weaker than the
central peak [196]. The signals observed both in PDMP and Pd/PDMP spectra never
exhibit any triplet-like shape, in agreement with their large linewidth (always larger than
370 Hz), probably mainly ascribable to isotropic chemical shift distributions, preventing
any weak triplet side peak to be distinguished at the base of the signals.
7.3.2 15N
Natural abundance 15N-CP/MAS spectra have also been recorded for PDMP and Pd/PDMP
samples (see Figures 7.3-a and -b, respectively). Solution-state 15N NMR has been recently
employed to investigate the metal ion complexation of 15N-labeled polyphosphazenes [197],
but, to the best of our knowledge, this is the first time that 15N solid-state NMR spectra
of polyphosphazenes are reported in the literature. The very low sensitivity of 15N nuclei
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prevents from obtaining spectra with a good signal-to-noise ratio even with very long ac-
quisition times (3-5 days for the spectra of Figure 7.3). However, some signals are clearly
distinguishable: the spectrum of PDMP shows an intense signal at 55.2 ppm, and two
smaller peaks at about 48 and 37 ppm, whose intensity is only slightly larger than noise.
In Pd/PDMP similar signals can be recognized: now the most intense peaks are at 38.5
and 47.4 ppm, while that at 55.2 ppm is almost null. Even though a detailed interpretation
of these data is probably premature at this stage, it is clear that the spectral differences
indicate a noticeable change in the structural properties of PDMP due to interaction with
Pd nanoparticles, in full agreement with the 31P observations. The 15N peak at 38.5 ppm
can be possibly assigned to the amorphous phase, since its intensity sensibly increases in
passing from PDMP to Pd/PDMP, in agreement with what observed in the corresponding
31P-CP/MAS spectra (see Figures 7.2-b and -e), while the peaks at about 47 and 55 ppm
could be ascribable to the two crystalline phases a and b.
7.3.3 13C
The 13C-SPE/MAS spectrum of PDMP, reported in Figure 7.4-a, is constituted by two
signals, resonating at about 23 ppm, and separated by 90 Hz. They are due to the methyl
carbons, experiencing a J-coupling with the neighbouring 31P nuclei. It must be outlined
that, contrary to what observed in the 31P-SPE/MAS spectrum, here no 13C signals can
be distinguished for the different phases, indicating that the chemical environments, and
therefore the conformational properties of the methyl groups are very similar in the differ-
ent amorphous and crystalline phases of PDMP. This is somewhat in disagreement with
what previously observed by Meille et al. [188], who observed two different 13C doublets
for PDMP, but in that case no 31P spectra were reported and therefore the polymorphism
of the two samples, which is strongly dependent by their thermal history [192], cannot be
directly compared.
The 13C-SPE/MAS spectrum of Pd/PDMP is more complex (Figure 7.4-b); the appli-
cation of a deconvolution procedure revealed four superimposed lorentzian peaks: two
of them coincide with those observed for PDMP, while the other two are shifted toward
higher chemical shifts by about 1.6 ppm, they are slightly broader (120 vs. 80 Hz), and
again separated by about 90 Hz. This additional doublet must be therefore assigned to
methyl carbons experiencing a slightly different chemical environment as a consequence of
the presence of Pd nanoparticles. In order to get additional information on the dynamics
of these two types of methyl groups, we also compared 13C-CP/MAS (Figure 7.4-c) and
13C Delayed CP/MAS spectra (Figure 7.4-d): while the four resonances are all present
in the CP/MAS spectrum, the two signals at higher chemical shifts are suppressed in the
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Figure 7.4: Solid-state 13C NMR spectra. SPE/MAS spectra of (a) PDMP, (b) Pd/PDMP, (e)
Pd/PDMP recovered after the catalytic run; (c) CP-MAS spectrum of Pd/PDMP; (d) Delayed
CP/MAS spectrum of Pd/PDMP.
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Delayed CP spectrum where a 100 µs dephasing time was used. This means that the
13C nuclei resonating at higher chemical shifts are coupled to 1H nuclei having sensibly
shorter T2, indicating that the motion of the corresponding methyl groups is strongly hin-
dered. From the intensities of the peaks in the 13C-SPE/MAS spectrum of Pd/PDMP
(Figure 7.4-b), obtained from the spectral deconvolution, the percentage of methyl groups
experiencing a restricted motion with respect to the pristine polymer was found to be
55%, which is in very good agreement with the percentage of rigid phase found from the
31P-SPE/MAS spectrum.
No strong differences were observed between the 13C-SPE/MAS spectra of Pd/PDMP
(Figure 7.4-b) and of the sample recovered after the catalytic run (Figure 7.4-e), apart
from the presence of small impurities, and a slightly lower intensity for the higher-frequency
doublet, indicating that the catalytic reaction does not substantially alter the structural
and dynamic properties of the PDMP methyl groups.
As a general consideration, it must be outlined that the modifications observed in
passing from PDMP to Pd/PDMP in either 31P, 15N, or 13C spectra cannot be ascribed
to the direct interaction between Pd nanoparticles and PDMP, because the amount of
Pd is much less than the polymer fraction involved (about 1 wt%). Therefore, such
modifications must be rather seen as global changes in either conformational or dynamic
properties of the various amorphous and crystalline phases of the polymer, induced by the
deposition of Pd atoms.
7.4 Conclusions
By means of 31P high-resolution solid-state NMR experiments performed on pristine
PDMP it has been possible to distinguish signals arising from an amorphous phase of
the polymer from those ascribable to more rigid polymer fractions, which we interpreted
as one interfacial and two different crystalline phases. The comparison between 31P, 15N
and 13C high-resolution spectra acquired on the pristine PDMP and Pd/PDMP clearly
indicated that, while the relative amount of amorphous and crystalline phases is substan-
tially not affected by the presence in the polymer matrix of the Pd nanoparticles, on the
contrary it induces strong modifications in the 31P, 13C, 15N spectral features of the dif-
ferent polymer phases. Ruling out, on the basis of quantitative considerations, that these
changes can be ascribed to a direct interaction between the polymer and the very small
amount of Pd nanoparticles, they rather have to be interpreted as result of global modifi-
cations in either conformational or dynamic properties of the various polymer phases.
Moreover, only slight differences have been observed between the spectra acquired on the
Pd/PDMP catalyst before and recovered after the catalytic run.
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7.5 Experimental
All the high-resolution NMR experiments were performed on the Varian InfinityPlus 400
double channel spectrometer in Pisa, operating at the Larmor frequencies of 399.89, 161.88,
100.56 and 40.52 MHz for 1H, 31P, 13C, and 15N, respectively. The spectrometer was
equipped with two CP-MAS probes for rotors with an outer diameter of 3.2 and 7.5 mm.
For all the nuclei, the 90◦ pulses were 4.0-5.0 µs and 2.0-2.5 µs for the 7.5 and 3.2 mm
probes, respectively.
All the spectra were recorded by spinning the sample at a MAS frequency of 5.5 kHz and
using proton high-power decoupling conditions. 1H-X CP spectra were recorded using a
recycle delay of 5 s and contact times of 500 µs, 1 ms and 2 ms for X = 31P, 13C and
15N, respectively. Delayed CP spectra were recorded introducing between the 1H 90◦ pulse
and the contact pulse a delay τ of 100 µs . SPE spectra were recorded by single pulse
excitation for 31P, while for 13C a DEPTH pulse sequence was used to suppress probe
and rotor background signals [38]; recycle delays of 3 and 60 s were used for 13C and 31P,
respectively, which were found to allow the full recovery of nuclear magnetization equilib-
rium between two successive scans, thus giving quantitative spectra.
Chemical shifts for 31P, 13C, 15N spectra were referenced to those of the signals of 85%
H3PO4 (taken as 0 ppm), TMS ( taken as 0 ppm) and glycine (taken as 0 ppm), respec-
tively, through the use of suitable external standards.
All the spectra were recorded at 20.0± 0.2 ◦C.
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Chapter 8
Lanthanum Sulphate Hydrates: a
139La solid-state NMR study
Abstract
Thermal dehydration and decomposition process of rare earth metal sulphate hydrates
has been quite extensively studied in the past and is still receiving attention; while many
thermal studies have been published, few structural data have been reported, especially
concerning intermediate hydrated forms, whose existence and identity is then still quite
unclear. In this study we tried to investigate the dehydration process of lanthanum sul-
phate (La2(SO4)3) by means of 139La solid-state NMR. Through lineshape analysis of
broad-line 139La spectra acquired on differently hydrated samples it has been possible to
both highlight the existence of only one intermediate hydrated form, so ruling out some
ambiguities among the existing thermal data, and single out the possible occurrence of a
structural rearrangement in the last part of the dehydration process. Moreover, from the
spectral simulations, 139La nuclear quadrupolar and chemical shift parameters have been
determined for all the isolated hydrated and anhydrous La2(SO4)3 forms. The combina-
tion of the “macroscopic” information obtainable by Thermogravimetric Analysis with the
structural information provided by 139La solid-state NMR resulted to be extremely useful
in elucidating the complex dehydration process of lanthanum sulphate.
8.1 Introduction
The study reported in this chapter has been performed during a four months period
(January-May 2006) that I spent in the solid-state NMR group of Prof. Roderick E. Wa-
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sylishen (Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada);
aim of the project has been the investigation of the dehydration process of lanthanum
sulphate (La2(SO4)3) by means of solid-state 139La-NMR.
139La is a quadrupolar nucleus with spin I = 7/2: within the thesis this is the only
study concerning the solid-state NMR observation of a quadrupolar nucleus, which, as
already pointed out in Section 2.3, due to the peculiar features of the quadrupolar inter-
action, requires a quite different experimental approach with respect to the observation of
spin-1/2 nuclei. The systems here investigated are differently hydrated forms of a purely
inorganic salt, La2(SO4)3; despite the relatively simple nature of this compound, these
systems showed a noticeable degree of complexity, essentially related to the variable and
hard to control hydration level: the 139La solid-state NMR study performed provides a
quite general and significant example of the information which can be obtained by the
observation of quadrupolar nuclei in solid complex materials.
8.1.1 Thermal dehydration of rare earth metal sulphate hydrates
The thermal behaviour of the rare earth metal sulphate hydrates has been quite extensively
studied in the past and it is still object of interest, with regard to both the dehydration
and the subsequent decomposition process, the latter one in particular having several
applicative implications which range from metallurgical industrial processes to potential
employments in the storage of solar energy and nuclear heat, as well as in fuel gas cleanup
process [198–202]. In 1958-1961 Wendlandt et al. [203, 204], through the employment of
both thermogravimetric and differential thermal analysis, drew a comprehensive picture
of the thermal dehydration process of all the lanthanide (III) sulphate hydrates, hypothe-
sizing that dehydration of the highest hydrates (nona-hydrate for the lanthanum sulphate
and octa-hydrate for most other sulphates) was a step-wise process occurring through the
intermediate formation of a penta-hydrate and, subsequently, a di-hydrate for the lighter
elements (for lanthanum through samarium), only through the di-hydrate for the other
elements (for europium through lutetium). Later, beside several thermal studies of the
dehydration and decomposition processes [205–209], only few and not extensive structural
characterizations of the possible intermediate lanthanide sulphate hydrates have been re-
ported, thus making a clear and unambiguous understanding of the dehydration process
still difficult to be obtained. In particular, as far as the lanthanum sulphate is con-
cerned, while detailed X-ray structures have been published for the nona- [210, 211] and
the octa-hydrate [212], only partial structural data have been reported for the hexa- [213],
penta- [214], tetra-hydrate [215] and the anhydrous form [216].
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8.1.2 Aims and methods of the study
In this work we have tried to get some insights into the dehydration process of the lan-
thanum sulphate, by employing 139La solid-state NMR spectroscopy.
139La is a quadrupolar nucleus with natural abundance of 99.9%, nuclear spin I = 7/2,
Frequency Ratio Ξ = 14.125%1 and a moderate nuclear quadrupole moment Q = +20
fm2 [8]. While numerous 139La solution NMR studies have been reported [217], the em-
ployment of 139La-NMR on solid compounds has been quite limited [218–233]. On the
other hand, thanks to the above cited quite favourable 139La nuclear properties, solid-
state 139La-NMR experiments are feasible and already resulted to be very powerful in the
molecular investigation of both simpler inorganic and coordination compounds.
We have approached the investigation of the dehydration process of lanthanum sulphate,
focusing in particular on the attempt of clarifying how many and which intermediate hy-
drated forms of the compound could exist, by performing a 139La solid-state NMR study
on the highest (nona-) lanthanum sulphate hydrate, on the anhydrous one and on differ-
ent intermediate hydrated forms, which have been obtained, in most cases, by heating the
maximum hydrate. The water content of all the samples has been determined by means of
Thermogravimetric Analysis (TGA), with the aim of not only controlling the dehydration
procedure, but also comparing the 139La-NMR and TGA results: indeed, while the latter
technique provides “macroscopical” and quantitative information on the water content,
139La-NMR allows “microscopical” information concerning the different lanthanum sites
present in a sample to be obtained.
Due to the peculiarity of this study within the thesis, in the following I report a brief
description of some theoretical and practical aspects concerning the acquisition and anal-
ysis of a broad-line spectrum of a quadrupolar nucleus, with particular reference to the
study performed.
Broad-line (low-resolution) 139La spectra have been acquired on powder samples, in static
conditions. As already said in Section 2.3, the analysis of the powder patterns constituting
the broad-line spectra of quadrupolar nuclei, that is spectra acquired without having re-
course to magic-angle spinning, allows important nuclear information to be obtained. As
described in Subsection 1.2.3, a quadrupolar nucleus powder pattern is mainly determined
by the quadrupolar interaction between the nuclear quadrupole moment (Q) and the elec-
tric field gradient at the nucleus. In most cases, and in this case in particular, being the
nuclear quadrupole frequency comparable to the Larmor frequency, first order corrections
to energies of the Zeeman states are not sufficient to describe the system, and second-order
1Ratio of the 139La resonance frequency of the reference compound to that of the protons of tetram-
ethylsilane at infinite dilution in CDCl3, at the same magnetic field strength [8].
187
effects have to be taken into account. As far as half-integer spin nuclei are concerned, the
signals arising from the satellite transitions, already broadened by first order effects, are
often too broad to be observed in a standard experiment; therefore, the observed powder
pattern arises from the central transition (
∣∣1
2
〉↔ ∣∣−12〉), whose energy, not affected by first
order quadrupolar terms, on the contrary strongly depends by second-order corrections2.
Beside the dominant quadrupolar interaction and apart from the often negligible indi-
rect spin-spin J-couplings (Subsection 1.2.4), heteronuclear dipolar couplings (Subsec-
tion 1.2.2) with protons as well as magnetic shielding interaction (Subsection 1.2.1) con-
tribute to the broad-line spectrum of a quadrupolar nucleus. As in the case of spin-1/2
nuclei, the first ones can be easily eliminated by acquiring spectra under high-power pro-
ton decoupling conditions (Subsection 1.4.2), while the magnetic shielding contribution
cannot be removed and thus it has to be taken into account in the analysis of the ob-
served lineshape. Actually, the contributions of the second-order quadrupolar and mag-
netic shielding interactions to the spin Hamiltonian show a different dependence on the
magnetic field strength (B0): while the quadrupolar contribution is inversely proportional
to B0, the shielding one linearly increases with it [6]. Therefore, acquiring spectra at
higher magnetic fields results in a decrease of the second-order quadrupolar effects and in
an enhancement of the chemical shift anisotropy contribution, more pronounced as bigger
the chemical shift anisotropy is. The relative weight of these two contributions depends
on the nucleus observed and, to a certain extent, on the system investigated: in the case
of 139La it has been experimentally found that, both for inorganic salts and coordination
compounds, the chemical shift anisotropy contribution to the lineshape usually results to
be detectable on spectra acquired at magnetic fields B0 ≥ 11.75 T [232,233].
Coming to more practical aspects, it has to be said that quadrupolar nuclei often give rise
to very broad powder patterns and, correspondingly, very short FIDs; as already pointed
out in describing low-resolution 1H-NMR experiments (Subsection 2.4.2), the problem of
the consequent partial or complete loss of signal, due to the existence of a finite probe
dead-time (which has to be waited between the end of the rf pulse and the beginning of
the acquisition), can be overcome by employing echo pulse sequences. Several different
echo pulse sequences have been developed and employed, depending on the spin system
under investigation (an useful description of this topic as well as references for more de-
tailed treatments can be found in ref [37]); in this case all spectra have been acquired by
employing the solid- or quadrupole-echo pulse sequence, (90◦)x − τ − (90◦)y − τ (which
has been already described in Subsection 2.4.2 and employed for all the 1H low-resolution
experiments reported in this thesis), which indeed was originally developed for the obser-
2To this regard it is important to remind that the second-order quadrupolar interaction cannot be
averaged to zero by magic-angle spinning, even if rapid (Section 2.3).
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vation of lines broadened by quadrupolar or homonuclear dipolar interactions.
A further implication of the large breadth of quadrupolar powder patterns (in this case
of the order of hundreds of kHz) is the difficulty in achieving an uniform excitation of
the whole spectrum by means of the rf pulse, which is usually not critical in the obser-
vation of spin-1/2 nuclei. The frequency region uniformly excited by an rf pulse, which
is applied for a duration tp (pulse width) at a carrier frequency νc, can be estimated to
range from +1/4tp to −1/4tp [37] with respect to νc: typical rf pulse tp’s are of the order
of 5-2 µs, which then correspond to uniform excitation ranges of 100-250 kHz, that are
narrower of most commonly observed quadrupolar powder patterns; on the other hand, in
order to record accurate lineshapes from which nuclear parameter values could be reliably
extracted, an uniform excitation of the whole spectrum is indispensable. In this case we
have had recourse to the commonly employed stepped-frequency method, which consists in
replacing the acquisition of the whole spectrum in one single experiment with the acquisi-
tion of a certain number of sub-spectra: from each one to the subsequent only the carrier
frequency, νc, of the rf pulse is varied, in a step-wise fashion; the step-size for νc must be
set such that it is not less than the uniform excitation frequency range of the rf pulse,
while the number of steps depends on the breadth of the spectrum. After that all the
necessary sub-spectra have been collected, the whole spectrum has to be reconstructed;
in this case we have employed the skyline projection method, which is known to provide a
reliable representation of the true lineshape: the acquired sub-spectra are superimposed
in such a way that their frequency axes being accurately matched, then, assuming that a
higher signal intensity corresponds to a more proper excitation, in the overlapping regions
the more intense signal is retained. All the experimental details concerning the acquired
NMR spectra are reported in Section 8.4.
In the end, the lineshape analysis of the reconstructed spectrum allows the nuclear param-
eters of interest to be obtained. The spectral analysis consists in simulating the experi-
mental lineshape: the spectrum is calculated by means of a suitable simulation program,
in which the experimental acquisition parameters can be specified and the nuclear param-
eters of the NMR interactions which determine the observed lineshape can be iteratively
varied until a good fit of the experimental lineshape is obtained. In the common case in
which the spectrum is determined by quadrupolar and chemical shift interactions, for each
distinguishable nuclear site, the nuclear quadrupolar coupling constant, CQ = eQVZZ/h
(Equation 1.77) the asymmetry parameter, ηQ = (VXX − VY Y )/VZZ (Equation 1.78) and
the isotropic chemical shift, δiso (Equation 1.62), can be obtained; provided that the
spectrum is acquired at sufficiently high magnetic field, also the chemical shift tensor pa-
rameters, i.e. the span, Ω, and the skew, κ, if the convention described in Subsection 1.2.1
is adopted, can be obtained. As far as this second case is concerned, it is worth to notice
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that, given a certain nuclear site, the principal axis frames of the nuclear interactions
contributing to the NMR spectrum are, in principle, not coincident; actually, in the case
of a quadrupolar nucleus, for which quadrupolar and magnetic shielding interactions have
to be considered, the strong influence on the powder pattern of the relative orientation of
the two interaction tensors was first demonstrated only in 1990 [234] and it was found to
be particularly important for nuclei located at low-symmetry lattice sites and when the
two interactions are comparable in magnitude. The symmetry of the lattice site at which
the nucleus is located imposes some restrictions on the possible relative orientations of
the two interactions: for example, for a nucleus located at a Cn symmetry lattice site,
one of the principal axes of both the quadrupolar (electric field gradient) and chemical
shift tensors have to be collinear with the symmetry axis, while the two other axes will
be obviously perpendicular to the Cn axis, but not necessarily coincident for the two ten-
sors. In order to describe the relative orientation of the two tensors, the Euler angles are
employed; they are in general defined in order to describe the relative orientations of two
axes frames, and several different conventions have been proposed. The one here employed
is the convention of Rose [235], reported by Duer [4] as: “ The transformation of frame
(X,Y, Z) into (x, y, z) is described by a rotation of (X,Y, Z) by angle α about Z. This
takes the (X,Y, Z) frame into (X2, Y2, Z2). There then follows a rotation of angle β about
the Y2 axis that resulted from the previous rotation, taking the (X2, Y2, Z2) frame into
(X3, Y3, Z3). Finally, there is a rotation of angle γ about the Z3 axis that has resulted from
the previous two coordinate rotations. This takes (X3, Y3, Z3) into the (x, y, z) frame.”
When the shielding interaction has a detectable influence on the experimental spectrum,
the values of the Euler angles, α, β, γ can be obtained from the lineshape analysis.
The simulation program employed in this study has been WSOLIDS, a user-friendly
windows-operating program, developed in R. Wasylishen group [236], which allows solid-
state NMR spectra to be very quickly and straightforwardly calculated. In WSOLIDS the
values of the nuclear parameters to obtain are manually changed and the best-fit spectrum
is determined by visual inspection.
8.2 Results and Discussion
This section is organized in three subsections reporting the solid-state 139La-NMR inves-
tigation of the highest (nona-hydrated), intermediate and anhydrous forms of lanthanum
sulphate (La2(SO4)3), respectively. The list of the samples investigated, indicated in the
following with lower-case letters, together with details on their preparation, as well as
their water content as determined from TGA, are reported in Section 8.4.
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Figure 8.1: Coordination geometry around the two lanthanum atoms (indicated with full circles)
in La2(SO4)3·9H2O. Sulphate and water oxygens are indicated as O(i) and O(Wi), respectively,
where different numbers refer to non equivalent crystallographic sites.
8.2.1 La2(SO4)3·9H2O
The crystal structure of lanthanum sulphate nona-hydrate has been first reported in
1954 [210], and subsequently refined in 1976 [211]: two different lanthanum sites resulted
to be present in the unit cell, one coordinated to twelve oxygen atoms, belonging to six
sulphate groups, the other one coordinated to nine oxygen atoms, three of them coming
from three sulphate groups, the other six shared with water molecules (Figure 8.1). Both
the two lanthanum sites are axially symmetric; as already said in the previous section, this
determines an axial symmetry for the electric field gradient (V ) and the chemical shift (δ)
tensors: the z axis direction of the V tensor will be coincident with the local symmetry
axis and the asymmetry parameter, ηQ, is expected to be zero. As far as the chemical
shift tensor is concerned, two cases are possible: (i) δ11 = δ22 (κ = 1, β = 0◦), meaning
that the chemical shift “unique” component, that is the one along the symmetry axis, is
the least shifted or, equivalently, the most shielded one, (ii) δ22 = δ33 (κ = −1, β = 90◦),
meaning that the chemical shift unique component is the most shifted, or equivalently, the
least shielded (see also Subsection 1.2.1).
In Figure 8.2 the experimental 139La-NMR spectrum of the La2(SO4)3·9H2O, as received
by Aldrich (sample a), is shown, together with the spectrum calculated assuming the
presence of two axially symmetric sites. It is evident that the superimposition of two
axially symmetric 139La powder patterns is not sufficient to reproduce the experimental
spectrum, in which an intense and unresolved component is present in the centre. The
TGA of the sample gives indeed a water/La2(SO4)3 molar ratio of 7.5, thus indicating
that the purchased sample is not the pure nona-hydrated form, but probably a mixture of
the nona-hydrated and one or more unidentified differently hydrated forms. With the aim
of obtaining a completely nona-hydrated form, we directly soaked the purchased sample
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Figure 8.2: Experimental (blue trace) 139La spectrum of La2(SO4)3·9H2O as received by Aldrich
(sample a); calculated spectrum (red trace), obtained assuming the presence of two axially sym-
metric lanthanum sites.
with a small amount of water, leaving it to briefly equilibrate and then removing the su-
pernatant liquid. The TGA of the resultant sample (sample b) gave a water/ La2(SO4)3
molar ratio of 9.3. The experimental and calculated 139La-NMR spectra of the sample
are shown in Figure 8.3. In this case, the experimental spectrum can be well simulated
by assuming, in agreement with the X-ray diffraction data, the presence of two different
axially symmetric lanthanum sites: the calculated spectrum is the combination of two
powder patterns, both with the typical lineshape dictated by ηQ = 0, but with two dif-
ferent values of quadrupolar coupling constant, CQ, which mainly determines the breadth
of the powder patterns, and isotropic chemical shifts, δiso (all the simulation parameters
are reported in Table 8.1). An additional isotropic peak is observed at δ ≈ −10± 5 ppm:
it can be easily assigned to a small amount of water solved sample, the presence of which
being consistent with the slightly exceeding water/La2(SO4)3 molar ratio, as determined
from TGA. While the lineshapes of the experimental powder patterns can be well simu-
lated, a good reproduction of the intensity profile is not achievable; this could be mainly
due to the presence of an unshaped and distributed signal intensity spread over the entire
spectrum, which can be ascribed to a certain amount of amorphous sample, formed during
the hydration process.
The CQ values here obtained for both the lanthanum sites (34.80 and 51.75 MHz) are big if
compared with those recently found for lanthanum inorganic salts and coordination com-
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Figure 8.3: Experimental (blue trace) and simulated (red trace) 139La spectra of La2(SO4)3·9H2O
(sample b).
pounds, all in the range 10.0÷ 35.6 MHz [232,233]. As far as the isotropic chemical shifts
are concerned, the difference between the two values observed (95 ppm) is quite small,
considering that the known range of lanthanum chemical shifts is about 1800 ppm [217].
A relationship between the 139La isotropic chemical shift and the coordination number at
the nucleus has been observed for a series of lanthanum complexes with oxygen-donating
ligands, in which the chemical shift resulted to approximatively linearly decrease (from
170 to -170 ppm) with increasing the coordination number (from 8 to 12) [233]: in this
case, even if the chemical shift values do not exactly correspond to the ones there reported,
the observed trend could suggest to identify site 1 with the lanthanum atom coordinated
to twelve sulphate oxygens and, consequently, site 2 with the one coordinated to nine
sulphate and water oxygens. Even if the spectrum has been acquired at only one and not
very high magnetic field strength, the extraction of the chemical shift tensor parameters
for the lanthanum site 2 can be attempted. The small discontinuity observable on the right
side of the solution peak is a typical feature of an axially symmetric powder pattern and
it seems reasonable to believe that it arises from the site 2 signal, that of the site 1 wider
powder pattern being probably hidden in the base of the spectrum. For site 2, a good
simultaneous reproduction of both the powder pattern horns and the small discontinuity
is obtained including in the simulation a span, Ω, of 140 ppm, a skew, κ, equal to 1 and
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an Euler angle β value of 0◦ (see Table 8.1), while the Euler angles α and γ do not affect
the calculated spectrum. The span value obtained is quite in agreement with the values
reported for several lanthanum coordination compounds (most ranging from 145 to 180
ppm) [233]; as previously said, the axial symmetry at the nucleus imposes that only two
relative orientations of the EFG and chemical shift tensors are possible: the combination
found for β and κ indicates that the unique chemical shift component, that is the one
along the local symmetry axis and EFG tensor z axis, is the least shifted or, equivalently,
the most shielded one (δ33).
8.2.2 Intermediate hydrates
With the aim of obtaining a first intermediate hydrated form of lanthanum sulphate, the
nona-hydrate sample was heated up to a temperature of 100 ◦C, which, accordingly to the
literature data, should correspond to a first dehydration step. The TGA of the sample
maintained at 100 ◦C for forty minutes (sample c) gave a water/ La2(SO4)3 molar ratio
of 5.2, possibly indicating the obtainment of a penta-hydrated form (as reported in the
literature, [214]). On the other hand, the 139La-NMR spectrum, reported in Figure 8.4,
suggests a different interpretation: indeed, in spite of a low signal to noise ratio, the
presence of the two axially symmetric powder patterns of La2(SO4)3·9H2O is still recog-
nizable, and an additional component seems to appear in the central part of the spectrum,
clearly ruling out the presence of only one intermediate hydrated form. In Figure 8.5 the
139La-NMR spectrum of the sample obtained after heating the solid at 100 ◦C for 72 hours
(sample d) is shown: the two La2(SO4)3·9H2O powder patterns are no longer observed
and, apart from a broad component present at the base of the spectrum, probably ascrib-
able to an amorphous fraction of the sample, the observed lineshape seems to arise from
only one 139La site. The TGA performed on this sample indicated a 2.6 water/ La2(SO4)3
molar ratio. The interpretation of these results is not straightforward: the “quality” of
the spectrum is not very good, and the not-integer TGA result can be compatible with
the presence of both a bi- and a tri-hydrated form. The common cause of these problems
can be found not only in the already mentioned presence of a completely amorphous solid
fraction, but also in an intrinsic scarce crystallinity of the whole sample.
In trying to clarify the results obtained, it curiously turned out to be very useful the
comparison with the 139La-NMR spectrum of an old purchased sample, nominally an an-
hydrous lanthanum sulphate (La2(SO4)3), kept in a closed bottle for several years (sample
e). The TGA of this sample gave a water/La2(SO4)3 molar ratio of 6.2, clearly indicating
the occurrence of an hydration process. The 139La-NMR spectra of the sample, acquired at
two different magnetic fields (11.75 T and 17.60 T) are shown in Figure 8.6. The most evi-
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Figure 8.4: Comparison between the 139La spectra of the sample obtained by heating
La2(SO4)3·9H2O up to 100 ◦C for forty minutes (sample c - upper trace), and of La2(SO4)3·9H2O
(sample b - lower trace).
Figure 8.5: Experimental (blue trace) and simulated (red trace) 139La spectra of the sample
obtained by heating La2(SO4)3·9H2O up to 100 ◦C for seventy-two hours (sample d).
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Figure 8.6: Experimental (blue traces) and simulated (red traces) 139La spectra of La2(SO4)3
having undergone a natural rehydration process (sample e), acquired at a) B0 = 17.60 T, b) B0 =
11.75 T.
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dent effect of the higher applied magnetic field is a noticeable decrease in the breadth of the
entire spectrum, mainly resulting from the linear scaling of the second order quadrupolar
interaction with the inverse of the Larmor frequency. In both the spectra, the presence of
three different lanthanum sites can be recognized: two giving rise to two axially symmetric
powder patterns (the broader one being only partly observable in the spectrum acquired
at 11.75 T), already observed for the lanthanum sulphate nona-hydrate, and a third one,
corresponding to the central part of the spectrum, which shows a certain similarity with
the spectrum of the sample heated up to 100 ◦C (sample d). Indeed, a good simulation
of the spectra can be achieved by combining the parameters of the lanthanum sulphate
nona-hydrate3, with a third site, the parameters of which are reported in Table 8.1 (site
3). The EFG tensor of this third site is characterized by a smaller CQ value (21 MHz)
and an asymmetry parameter ηQ equal to 0.6; the simultaneous simulation of the spectra
acquired at two different magnetic fields allowed the chemical shift tensor parameters to
be obtained: in particular, the spectrum acquired at 17.6 T resulted to be very sensitive
to the span (Ω = 200 ± 50 ppm), the skew (κ = −0.75 ± 0.25 ppm) and β and γ Euler
angle values (β = 90◦ ± 5◦; γ = 5◦ ± 5◦; the α value is not determinable). The spectral
simulations obtained are quite satisfactory, especially considering that a perfect reproduc-
tion of the experimental spectra cannot be expected for at least two reasons: as already
noticed for all the previous spectra, the resolution of the experimental lineshapes results
to be reduced by a certain amorphous character of the sample, while the considerable
breadth of the spectra prevents the intensity of the site 2 widest powder pattern to be
fully observed.
In agreement with the qualitative similarity previously observed, the parameters just de-
termined for site 3 of this sample well fit also the spectrum of the tri-/di-hydrate (sample
d) (see Figure 8.5). This clearly indicates that the hydration process occurred to the lan-
thanum sulphate kept in a bottle for several years resulted in a final equilibrium mixture
of nona and tri-/di-hydrates.
In principle the spectral analysis of the mixture could help in identifying the intermedi-
ate hydrate as tri- or di-hydrate. Indeed, from the TGA data of the sample e (initial
sample weight and whole weight loss), assuming the identities of the mixture components
(in this case nona- and, either tri-, or di-hydrate), it is easy to obtain their initial rela-
tive amounts; from them, it is then straightforward to derive the weight percentages of
the corresponding lanthanum sites in the 139La-NMR spectrum. The simulated spectra
reported in Figure 8.6, which well fit the experimental ones, have been calculated by as-
suming that sample e was a mixture of nona- and di-hydrate: the corresponding sites
3The small differences in the best fit parameters of site 1 and 2 between samples b and e (see Table 8.1)
are reasonable in passing from one sample to another.
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weight percentages are 30%, 30%, 40% for sites 1, 2 and 3 respectively (as reported in
Table 8.1). On the other hand, a good fit can also be obtained in the hypothesis of a
nona-/tri-hydrate mixture (the sites weight percentages would be, in this case, 27%, 27%,
46% for site 1, site 2 and site 3 respectively). Unfortunately, considering the quality of
the experimental spectra, which prevents a good reproduction of the signal intensities, the
differences between the two simulations are too small to allow a reliable identification of
the intermediate hydrate.
Otherwise, considering the quite amorphous character of sample d, clearly evidenced by
the spectrum, it is reasonable to believe that the 2.6 water/La2(SO4)3 molar ratio, deter-
mined from the TGA, could take into account some non-crystalline water entrapped in
the solid; in this sense we are inclined to identify the observed intermediate hydrate with
the di-hydrate.
What clearly emerges from the 139La-NMR investigation of these two samples is that the
compound identified as the di-hydrate seems to be a very stable intermediate hydrated
form of the lanthanum sulphate, having been observed both as product of the rehydra-
tion naturally occurred for the anhydrous lanthanum sulphate kept in a bottle for a long
time, and as first stable step of the thermal dehydration of the lanthanum sulphate nona-
hydrate. Moreover in Figure 8.7 the spectrum of a sample obtained by desolving and then
precipitating lanthanum sulphate in a 6 M solution of sulfuric acid (sample f) is shown.
In the literature this is reported as a procedure from which an intermediate hydrated form
of the sulphate is expected to be obtained ( [212] and references therein): including an
additional peak ascribable to a wet fraction of sample, a good simulation of the spectrum
can be again obtained with the parameters of the lanthanum sulphate bi-/tri-hydrate, thus
confirming the stability of this intermediate hydrated form. Finally, it is noticeable that
we did not observe any evidence of the existence of a higher hydrate, as the penta-hydrate,
which was hypothesized by Wendlandt et al. on the basis of thermal studies [204].
8.2.3 Anhydrous forms
In the literature different data have been reported concerning the temperature at which
the dehydration process of lanthanum sulphate would be complete: while, according to
Wendlandt [203], the salt should be totally dehydrated at 265 ◦C, Poston et al. [209] re-
port the presence of La2(SO4)3·3H2O until 550 ◦C and affirm that the dehydration would
be complete only by 600 ◦C. With the aim of gaining some insights into this point, we
acquired 139La-NMR spectra on three samples, obtained by heating the lanthanum sul-
phate nona-hydrate up to 350 ◦C (sample g), 450 ◦C (sample h) and 600 ◦C (sample i);
the TGA of the three samples gave a water/La2(SO4)3 molar ratio of 0.4, 0.5 and 0.1,
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Figure 8.7: Experimental (blue trace) and simulated (red trace) 139La spectra of the lanthanum
sulfate hydrate obtained by precipitation from an aqueous solution of H2SO4 (sample f).
respectively, thus indicating that the dehydration process is substantially complete by
350 ◦C. On the other hand the 139La-NMR spectra of the three samples show interesting
differences (see Figures 8.8, 8.9, 8.10): while samples g and h give rise to approximatively
the same lineshape, the spectrum of sample i appears completely different. In spite of
the conspicuous line broadening, which strongly smooths the lineshape, the fitting of the
spectra of samples g and h results to be sensitive to the simulation parameters: both the
spectra can be simulated with one lanthanum site, with a CQ of 24.5 MHz and ηQ of 0.9
(see Figures 8.8, 8.9); the isotropic chemical shift results to be slightly different for the
two samples (10 and -30 ppm for sample g and h, respectively), while the other chemical
shift tensor parameters, as well as the Euler angles, cannot be determined (Table 8.1).
As far as the spectrum of the sample heated up to 600 ◦C (sample i) is concerned, the
observed lineshape reveals the presence of a lanthanum site with a bigger quadrupolar
coupling constant CQ and an asymmetry parameter ηQ close to zero: from the spectral
simulation a CQ of 36.8 MHz, an ηQ of 0.05 and a δiso of -160 ppm have been determined.
Actually, the calculated spectrum reported in Figure 8.10 has been obtained by combining,
in a weight percentage ratio of 80 : 20, the just mentioned site with that found from the
spectra of samples g and h, possibly indicating the presence of a residual amount of the
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Figure 8.8: Experimental (blue trace) and simulated (red trace) 139La spectra of the sample
obtained by heating La2(SO4)3·9H2O up to 350 ◦C (sample g).
Figure 8.9: Experimental (blue trace) and simulated (red trace) 139La spectra of the sample
obtained by heating La2(SO4)3·9H2O up to 450 ◦C (sample h).
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Figure 8.10: Experimental (blue trace) and simulated (red trace) 139La spectra of the sample
obtained by heating La2(SO4)3·9H2O up to 600 ◦C (sample i).
previous samples (Table 8.1).
The differences between the 139La-NMR spectra of the samples heated up to 350 ◦C–450 ◦C
and 600 ◦C could be explained either with the existence, at 350 ◦C–450 ◦C, of an interme-
diate hydrate, transformed in the anhydrous sample only at 600 ◦C, or hypothesizing that
the dehydration is already complete at 350 ◦C, and that the sample heated up to 600 ◦C
is the result of a decomposition process of the anhydrous sulphate. Considering our TGA
and NMR results, as well as the literature data, we believe unlikely the existence of a
lanthanum sulphate mono-hydrate, intermediate between the di-hydrate, described in the
previous section, and the anhydrous sulphate. On the other hand, also the occurrence of a
decomposition process between 450 ◦C and 600 ◦C can be ruled out: in the TGA curves of
all the samples the large and rapid decrease in weight, associated with the decomposition,
is observed at temperatures higher than 700 ◦C; this is in agreement with all the litera-
ture studies, in which the decomposition reaction leading to the oxysulphate, La2O2SO4
and, subsequently, to the lanthanum oxide, La2O3, has been always reported to begin at
a temperature higher than 775 ◦C [205, 209]. Therefore, a reasonable interpretation of
both the TGA and the NMR results could be that at 350 ◦C–450 ◦C lanthanum sulphate,
mostly but not completely dehydrated, is present in a sort of not very crystalline form,
associated with the presence of a non stoichiometric residual water amount and giving rise
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to the lineshape observed for both the samples g and h. Increasing the temperature up to
600 ◦C, lanthanum sulphate would loose the residual water and, at the same time, undergo
a rearrangement of the solid structure, so reaching the most crystalline form. A similar
phenomenon has been cited to be possible also for praseodymium, neodymium, samarium,
europium and gadolinium sulphates, but detailed data have not been reported [205].
8.3 Conclusions
Through the employment of 139La solid-state NMR spectroscopy it has been possible to
investigate, from a structural point of view, the dehydration process of lanthanum sul-
phate La2(SO4)3. A detailed characterization of the highest hydrate, La2(SO4)3·9H2O,
has been obtained: in agreement with the known crystal structure, the 139La-NMR spec-
trum showed the presence of two different lanthanum sites, both in axially symmetric
environments. The EFG and chemical shift tensors parameters have been determined.
Between the nona-hydrate and the anhydrous form, only one intermediate hydrate, iden-
tified with the di-hydrate, has been observed: its 139La-NMR spectrum showed only one
lanthanum site, for which the EFG and chemical shift parameters have been obtained.
As far as the final part of the dehydration process is concerned, two structurally different
anhydrous forms of lanthanum sulphate have been observed and the relative EFG and
chemical shift parameters determined. From the NMR lineshapes, the first form, in which
a residual amount of water is present, showed a certain amorphous character, while the
second one, obtained in correspondence of the complete water removal, appeared to be
more crystalline. These results can be explained with the occurrence, during the very final
part of the dehydration, of a structural rearrangement of lanthanum sulphate, which has
been already cited, but not extensively documented, for other lanthanide sulphates.
From all the results obtained, it is evident that a reliable understanding of the complex
dehydration process, even of a simple inorganic salt as lanthanum sulphate, requires to
combine the results obtainable from thermal analysis techniques with molecular structural
information. As far as lanthanum sulphate is concerned, 139La solid-state NMR resulted
to be a feasible and powerful tool in following and investigating, from a structural point
of view, its quite complex dehydration process.
203
8.4 Experimental
Samples
The list of the samples investigated, including details on their preparation and the water/La2(SO4)3
molar ratio as determined from TGA, is reported.
Sample a: La2(SO4)3·9H2O as received by Aldrich (water/La2(SO4)3 molar ratio = 7.5).
Sample b: La2(SO4)3·9H2O obtained by soaking a with water, leaving it to briefly equili-
brate and then removing the supernatant liquid (water/La2(SO4)3 molar ratio = 9.3).
Sample c: obtained by heating La2(SO4)3·9H2O up to 100 ◦C, and leaving it at the same
temperature for 40 minutes (water/La2(SO4)3 molar ratio = 5.2).
Sample d: obtained by heating La2(SO4)3·9H2O up to 100 ◦C, and leaving it at the same
temperature for 72 hours (water/La2(SO4)3 molar ratio = 2.6).
Sample e: anhydrous La2(SO4)3 purchased by Alfa Aesar , kept in a closed bottle for sev-
eral years and having undergone a natural re-hydration process (water/La2(SO4)3 molar
ratio = 6.2).
Sample f: obtained by desolving sample e in hot H2SO4 (6M) (water/La2(SO4)3 molar
ratio = 4.3).
Sample g: obtained by heating La2(SO4)3·9H2O up to 350 ◦C, and leaving it at the same
temperature for 24 hours (water/La2(SO4)3 molar ratio = 0.4).
Sample h: obtained by heating La2(SO4)3·9H2O up to 450 ◦C, and leaving it at the same
temperature for 30 minutes (water/La2(SO4)3 molar ratio = 0.5).
Sample i: obtained by heating La2(SO4)3·9H2O up to 600 ◦C, and leaving it at the same
temperature for 20 hours (water/La2(SO4)3 molar ratio = 0.1).
All the samples were sealed in glass tubes for the NMR experiments.
Solid-state NMR
139La-NMR spectra of all the samples were acquired on the Bruker Avance spectrometer at
the University of Alberta, operating at an applied magnetic field B0 = 11.75 T (νL (1H)=
500.4 MHz; νL(139La) = 70.7 MHz) and equipped with a Bruker 5 mm solenoid probe.
Only for sample e an additional spectrum was acquired at the Pacific Northwest National
Laboratory on a Varian Inova spectrometer operating at an applied magnetic field B0 =
17.60 T (νL(1H) = 749.6 MHz; νL(139La) = 105.9 MHz), equipped with a 5mm double-
resonance Jakobsen-built MAS probe. Chemical shifts were referenced to a 1 M aqueous
solution of LaCl3 (0 ppm); partly selective 139La pulses for the excitation of the central
transition were used, set by dividing the solution 90◦ pulse width by 4 [(I + 1/2) [37]]. All
the spectra were acquired on stationary samples, employing a (90◦)x−τ1−(90◦)y−τ2 echo
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pulse sequence with TPPM 1H-decoupling during the acquisition [18]; a recycle delay of
1 s was used, the interpulse delays τ1 and τ2 were set to 30 and 20 µs, respectively, and the
FIDs appropriately left-shifted to the top of the echoes, prior to Fourier transform. Due
to the broadness of the spectra, all of them were acquired having recourse to the stepped
frequency method, collecting a minimum of two and a maximum of four steps for each
spectrum and a number of scans ranging from 4200 to 72000, depending on the sample;
the resulting sub-spectra were then superimposed in the skyline projection mode.
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Conclusions
The application of a solid-state NMR approach consisting in the employment of several
high- and low-resolution techniques aimed at the observation of different nuclei as well as at
the investigation of various nuclear parameters, allowed a quite extensive characterization
of several molecular structural as well as dynamic aspects of complex multicomponent
organic-inorganic materials. Beside the peculiar results obtained in the different cases
investigated, which are reported in the end of the single chapters, here I would like to
highlight some general conclusions which can be drawn.
On one side, the observation of each nucleus, powerful probe for different local environ-
ments, as well as the single application of each technique provided important information
concerning specific structural and/or dynamic aspects of the materials. Citing some ex-
amples, high-resolution 13C and 29Si spectra allowed us to verify and clarify the results of
chemical modifications of several investigated micro- and nanosized fillers, 1H-FID analysis
allowed motionally distinct regions of the samples to be singled out and characterized and
139La lineshape analysis provided important elements for understanding the dehydration
process of lanthanum sulphate.
On the other side, the high degree of disorder and complexity of many organic-inorganic
multicomponent materials, as those here investigated, which arises from the presence of
different chemical components and interfaces, from the usual lack of structural order as
well from the coexistence of sample fractions exhibiting different molecular dynamics, of-
ten prevented detailed information from being obtained from a single experiment. To
this regard, the employment of a combined multinuclear and multi-experiment approach,
together with a synergistic analysis of the different experimental data, not only allowed
quite accurate information on important specific aspects to be obtained, such as the na-
ture of the interfaces and the interactions occurring among different components, but also
a global picture of the whole material to be often drawn.
Organic-inorganic multicomponent materials are expected to constitute an important part
of the future materials and, in this perspective, the possibility of improving the character-
ization of their structural and dynamic properties at a molecular level is surely a crucial
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step toward the understanding of the molecular mechanisms responsible for their peculiar
and attractive macroscopical properties. Solid-state NMR appears to be one of the most
powerful and promising techniques in accessing such detailed molecular information; the
approach applied in this thesis to the study of several examples of organic-inorganic mul-
ticomponent systems proves that a good level of structural and dynamic characterization
of such complex materials can be effectively achieved by exploiting both the variety of
NMR active nuclei present in them and the study of different nuclear parameters, and
then performing a synergistic analysis of all the results obtained.
Far from being a “closed” method, this approach can be widely enlarged and improved;
two kinds of improvements and hopefully future developments are worth to be pointed out:
the former concerns the possibility of modifying the materials investigated by enriching
them with suitable NMR active isotopes; the latter more specifically involves the “NMR
part” and, in particular, the enlargement of the set of nuclear parameters to investigate
and, consequently, the employment of further suitable NMR experiments, also having re-
course, if necessary and possible, to more advanced NMR instrumentation.
As far as the first aspect is concerned, the possibility of selectively enriching one com-
ponent of an organic-inorganic multicomponent material with one or more NMR active
isotopes, especially those which are expected to be more involved in the organic-inorganic
interfaces, not only can sensibly help in overcoming many practical difficulties related to
the scarce natural isotopic abundance of many NMR active nuclei, but also would allow
“clean” and detailed structural as well as dynamic information to be selectively obtained
on the often complex interfaces present in these materials. Citing only two examples,
specifically referred to the systems investigated in this thesis, 13C and 29Si enrichment
of the filler modifiers could be very useful in characterizing the interfaces of many of the
organically modified fillers studied, while 15N enrichment would allow detailed information
on the palladium-polyorganophosphazene catalyst to be obtained. Speaking of isotope en-
richment, also the selective 2H labeling of suitably chosen components of these systems is
worth to be mentioned: the study of the lineshape of this quadrupolar nucleus at variable
temperature is a very powerful tool for investigating molecular motions with characteristic
frequencies of the order of 1÷ 104 kHz, and it could provide significant improvements, for
example, in characterizing the dynamics of the alkyl chains of both the stearic acid coat-
ing of the barium sulphate based filler described in Chapter 4, and the alkylammonium
surfactant intercalated in the synthetic clay mineral described in Chapter 6.
As far as the enlargement of the nuclear parameters set to investigate and, correspondingly,
that of the NMR experiments to perform are concerned, at least two possible developments,
both achievable without needing a particularly advanced NMR spectrometer and especially
aimed at the obtainment of a deeper dynamic characterization of the systems, could con-
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sist in the investigation, at variable temperature, of spin-12 nuclei lineshapes dominated by
chemical shift anisotropy and in extensive relaxation times studies. The analysis of the mo-
tionally averaged lineshapes of spin-12 nuclei dominated by chemical shift anisotropy, which
can be realized by means of static as well as mono- and bi-dimensional MAS techniques,
allows useful information concerning molecular motions with characteristic frequencies of
the order of approximatively 0.1÷ 1000 kHz to be obtained; on the other hand, an exten-
sive relaxation times study, including the measurement and combined analysis of 1H and
13C spin-lattice relaxation times in both the laboratory and rotating frame, at variable
temperature and multiple Larmor frequecies, could allow a detailed characterization of the
molecular dynamics in the 0.1÷107 kHz frequency range. In particular the latter analysis
could be useful in trying to single out and characterize possible effects on the polymers
molecular dynamics due to the presence of untreated as well as variously modified inorganic
fillers, with particular reference, for example, to the polyolefins nanocomposites obtainable
by means of a nano-scale dispersion of the organically modified silicate described in Chap-
ter 6. Moreover, having access to suitably equipped NMR spectrometers, one possibility
which could be really interesting to exploit consists in the double- and triple-resonance
correlation experiments, involving two different heteronuclei (29Si-13C and 31P-13C for ex-
ample): such experiments could indeed allow direct and useful information to be obtained
concerning the internuclear connectivities occurring in these systems, and, what is most
interesting, at the interfaces between their organic and inorganic components. At last, the
study of the quadrupolar nuclei, possibly present in many organic-inorganic multicom-
ponent materials, could be usefully extended by having recourse to high-resolution NMR
techniques, and in particular to Multiple Quantum Magic-Angle-Spinning (MQ-MAS) ex-
periments, which allow non-equivalent nuclear sites, often present in complex materials
as those here considered, to be distinguished and separately characterized. It is worth
to highlight that, not only in the perspective of extending the quadrupolar nuclei study,
both by means of high- as well as low-resolution experiments, but also for spin-12 nuclei
investigations, the possibility of having access to solid-state NMR spectrometers operating
at ultra-high magnetic fields would constitute an extremely useful improvement.
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Appendix A
NMR Spectrometers
The experimental work presented in this thesis has been performed on four NMR spec-
trometers:
AVarian InfinityPlus 400, acquired by the Universita` di Pisa in 2002. It is a double-
channel spectrometer operating at an applied magnetic field B0 = 9.39 T, to which a 1H
Larmor frequencies of 399.89 MHz corresponds. It is equipped with three multinuclear
probeheads: a CP/MAS probehead for rotors with an outer diameter of 7.5 mm (sample
volume of 450 µl), for which a maximum spinning frequency of 7 kHz is achievable; a
CP/MAS probehead for rotors with an outer diameter of 3.2 mm (sample volume of 11-
22 µl), for which a maximum spinning frequency of 25 kHz is achievable; a goniometric
probehead for static variable-angle measurements, with sample holders with an outer
diameter of 5 or 10 mm.
An apparatus constituted by a single-channelVarian XL100 spectrometer, at Universita`
di Pisa, equipped with an electromagnet, operating at a magnetic field ranging from 0 to
2.35 T, interfaced with a Stelar DS-NMR acquisition system and equipped with a multi-
nuclear probehead for sample holders with an outer diameter of 5 mm, working from 15
to 30 MHz.
A Bruker Avance at the University of Alberta (Edmonton, Alberta, Canada), op-
erating at an applied magnetic field B0 = 11.75 T, to which a 1H Larmor frequency of
500.4 MHz corresponds, equipped with a Bruker solenoid probe for sample holders with
an outer diameter of 5 mm.
A Varian Unity Inova-750 at the William R. Wiley EMSL Pacific Northwest Na-
tional Laboratory (Richland, Washington, USA), operating at an applied magnetic field
B0 = 17.60 T, to which a 1H Larmor frequency of 749.6 MHz corresponds, equipped with
a 5mm Jakobsen-built MAS probe.
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